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ABSTRACT 


This thesis compares the input impedance numerically calculated by MININEC, 
NEC, and NECGS with experimental results on stepped radius monopole antennas for 
swept frequencies. This determines the limitation of computer codes and gives guidelines 
for Yagi and Log Periodic (LP) antenna designs which use Tapered Linear Antenna El- 
ements (TLAE s) 

NEC and MININEC, thin wire modeling codes, use different Electric Field Integral 
Equation (EFIE) formulations of “the method of moments” for the solution of currents. 
A cylindrical wire cage model is used via NECGS. Four groups of computer models are 
developed, varving the number of segments from 1 to 70 for 27-31 MHz. Reflection 
coefficients of seven experimental models are measured at the antenna feed point, and 
the input impedances are calculated bv an auxillary computer program.. The input 
impedance is then analyzed by comparing the computer simulation results with meas- 
ured results. Surprisingly, the input impedance of MININEC its closest to experimental 
results for monopoles which were constructed with ratios of radius-to-wavelength up to 
0.0026. 
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I. INTRODUCTION 


A. NEED FOR THE STUDY 


In recent vears considerable effort has been expended developing general purpose 
computer codes capable of modeling complicated wire antenna structures via the method 
of moments [Ref. 1]. 

The power and flexibility of general purpose wire codes are largely due to the sim- 
plicitv of wire problems, which in turn are simplified by the use of the so-called “thin- 
wire approximation”, which 1s that current flowing on the surface of a wire 1s assumed 
to be circumferentially invariant. However, when this approximation is used, certain 
questions arise in the formulation as to the proper treatment of wire junctions, including 
junctions of wires of dissimilar radii. 

Tapered (stepped) element Yagi and Log-Periodic (LP) antennas require proper 
current amplitude and phase for clean patterns with low sidelobes. These antennas use 
Tapered (stepped) Linear Antenna Elements (TLAE’s) and need to be modeled correctly. 
Measurements of near fields and current distribution on conducting surfaces are very 
difficult, but gain and input impedance are easily obtained at all frequencies by swept 


frequency test equipment. 


B. STATEMENT OF THE PROBLEM 


There are several ways to study the validation of computer simulations in solving 
tapered (stepped) radius linear antenna elements. This thesis concentrates on the input 
impedance vs. swept frequency study of stepped (tapered) radius monopole antenna ex- 
periments and computer simulations because previous studies have been lacking or in- 
conclusive in this area. 

The purposes of this thesis are: to compare the results of the Numerical 
Electromagnetics Code (NEC) [Ref. 2], the Mini-Numerical Electromagnetic Code 
(MININEC) [Ref. 3] and the results of measurements on stepped (tapered) radius 


monopole antenna models; to determine and to develop methods of analysis for Tapered 


(stepped) Linear Antenna Elements (TLAE’s); and to determine what range of thickness 


can be numerically modeled at present and what code modifications are needed for ex- 


tending the range of applicability for Tapered (stepped) Linear Antenna Elements 
(TLAE’s). 
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HISTORICAL BACKGROUND. 


The following studies on Stepped (Tapered) Radius Antenna Elements have been 


conducted to date: 


In February 1975, C. M. Butler, B. M. Dulf, R. W. P. King, E. k.Yung and S. 
Singaraver investigated junction conditions of thin wire structures [Ref. 4] by a 
theoretical and experimental study. 


In January 1976, T. T. Wu and R. W. P. king studied the nature oi theteqnmed 
conditions for determining the analvsis of the tapered antenna [Ref. 5]. 


In October 1976, W. L. Curtis investigated the charge distribution on a dipole with 
a stepped change in radius [Ref. 6] . 


In March 1979, Allen W. Glisson and Donald R. Wilton intensively studied the 
numerical procedures for handling current and charge on stepped-radius wire 
junctions [Ref. 7]. 


In the fall of 1987, J. K. Breakall and R. W. Adler investigated the Stepped Radius 
Dipole antenna [Ref. 8]. 


SCOPE AND LIMITATIONS 


1. Scope of the Study 


This thesis compares the results of the intpedance vs. frequency change numer- 


ically calculated by MININEC, NEC, and NECGS and the experimentaltresultsvommrite 


Stepped Radius Monopole. Also it determines the limitation of computer codes for 


analysis of the Stepped Radius Monopole. 


ie 


Four monopole models are investigated: 


The constant radius quarterwave monopole antenna (8 feet in height : Model 1. 
See icine!) 


tJ 


2. The one stepped radius and two equal length sections quarterwave monopole an- 
Hema vo leet mm merit. viodel 2) See Figure 2). 


3. The two stepped radu and three equal length sections quarterwave monopole an- 
Heninae|s feet in herelit: Model 3. See Fisure 3). 


4. The four stepped radn and five equal length sections quaterwave monopole antenna 
(8 feet in height: Model 4 See Figure 4). 
Some models are investigated by experiments and all models are studied by 
computer simulations (NEC, NECGS and MININEC). There are two different simu- 
lations used in NEC , without EK card and with EK card [Appendix A.3]. The equiv- 


alent average constant radius cases are considered in Models 2, 3, and 4. 


2. Limitation of the Study 

This thesis develops four different models and considers mainly the performance 
vs. frequency changes for three antenna parameters: impedance, VSWR, and average 
power gain. The frequency range is limited from 27 MHz to 31 MHz (similar to a tvp- 
ical Yagi antenna operating frequency range) due to computer storage and processing 
time. Twenty one points of input impedance for each model will be simulated at 0.2 
MHz frequency increments from 27 MFEIz to 31 MHz with various numbers of segments 
from | to 70 in all computer codes. 

The radius vs. wavelength is smaller than 0.0026 for experiments, and the ratio 
of adjacent radi is smaller than 2. As frequency increases, the wavelength decreases, and 
the required number of segments required to model an antenna increases. All four 
computer models are over a perfect ground plane. 

Five points of input impedance for each experimental inodel (see Chapter IV) 
mea x 30 feet sround plane are measured at 1MI1z increments from 27 MHz to 31 
MHz. 

The validity of a numerical model 1s determined in part by calculating the aver- 
age power gain of the antenna. An average power gain of 2.0 represents a theoretical 
antenna radiating in a half space over a perfect ground plane. 

In Chapter II, four different models are developed in detail and brief computer 
code descriptions are given. 

In Chapter III, the experimental set up and results are presented. 

In Chapter IV, the input impedance vs. swept frequency simulation results of 
ee Cee nout rh ecard and with EK card), NECGS, MININEC, and the experiment 


are presented. Then, an analysis of the results of the computer simulations and the ex- 
periments 1s given. 

Finally, Chapter V summarizes the results, and compares the computer simu- 
lation and experimental results. Discussions, conclusions, and recommendations for fu- 
ture study are then presented. 

The appendices include simulation data, such as geometry input data for each 
model, the convergence graph of the input impedance vs. frequency change and a de- 
tailed explanation of the computer codes (MININEC, NEC, and NECGS). 


Il. COMPUTER CODE DESCRIPTION AND COMPUTER MODEL 
DEVELOPMENT 


This chapter presents a brief discussion of the computer codes (MININEC, NEC, 
and NECGS) and the results of the computer models developed in Chapter II. Each 
model was tested to find the differences among different computer codes. All models in 
this thesis have the same performance as a monopole antenna over a perfect ground. 
The geometry data sets are given in Appendix B. The data sets were run to evaluate the 
variation of input impedance of each computer model as a function of frequency. The 
results are indicated on two different curves, one for resistance (R), and the other for 
federance (}\). line computer codes use | - /0 segments. Two different MININEC 
programs are used. The MININEC SYSTEM [Ref. 9], which 1s written in Quick Basic 
and menu driven, has a limitation of less than 50 segments. The MININEC 3.11 version 


is used for 50 to 70 segments. 


A. COMPUTER CODE DESCRIPTION 

The “MINI” Electromagnetics Code, or MININEC [Ref. 10]. is a personal computer 
(PC) BASIC program for analysis of thin wire antennas using the method of moments. 
f Galerkin [Ref. 1] procedure is applied to an Electric Field Integral Equation (EF IE) 
torsolve for the wire currents. 

The Numerical Electromagnetics Code (NEC [Ref. 2]) is the most advanced com- 
puter Fortran program available for the analvsis of thin wire antennas using the the 
Pocklington EFIE equation [Ref. 1] for the currents and is run on a mainframe com- 
puter. 

NECGS is a special purpose version of NEC 3 for limited applications. It is very 
efficient and runs quickly, but is good only for structures having rotational symmetry 
about the Z-axis. 

The following tables [ Tables | and 2 ] show the capabilties and the limitations of 
MININEC, NEC, and NECGS respectively. A detailed description of the computer 


codes Is given in Appendix A. 


sn 


Table 1. 


THE CAPABILITIES OF MININEC, NEC, AND NECGS 


Capabilities 









MININEC 


NECGS 


main impedance function) 


Sommerfeld integrals 


Wire 


for hmited applications 


Currents (Galerkin procedure for EFIE) 


Impedance, E and H near fields 







Patterns (Fresnel Reflection Coefficient and E field at specified range) 






Lumped parameter loading (Senes impedance, complex frequency do- 





Free space or perfect ground 






Improved (faster) solution routine 






Modular programming with comments 






Written in BASIC for Personal Computers 







Currents (Pocklington procedure) 






Impedance, E and H near fields 






Straight segments modeling wires and flat patches for modeling surfaces 






Patterns (Fresenel Reflection Coefficient and E field at specified range) 






Lumped element loading, nonradiating networks, transmission lines 






Directive and power gains 






Free space, perfect ground, or imperfect ground based on the 







Written in Fortran for 32 bit mainframe at NPS. 






Includes the Numerical Green’s Function. 


The excitation may be an incident plane wave or a voltage source on 







A very efficient and quick running special purpose version of NEC 3 






Good for structures having special rotational symmetry 





Table 2. THE LIMITATIONS OF MININEC, NEC, AND NECGS 


__Limitations 


e Only suitable for small problems (less than 75 unknown seg- 
ments and 10 wires depending on the personal computer 
memory and BASIC program in computer.) 


URS In this thesis, 50 unknowns (segments) for the MININEC 


SYSTEM, 70 unknowns (segments) for MININEC 3.11 


It is good for oa smaller than 0.001. 
















e  Maimframe computer is needed. 


e Although the upper limit is determined by the cost factors 
and memory size of the mainframe, a model containing up to 
2000 unknown segments seems to be the practical limit. 


e itis valid if the ratio of the segment length to the wavelength 
(2) is 0.001 to 0.1 for a constant radius. 


e Itis valid if the ratio of the segment length to radrus 1s $ 
without an EK card, 2 with an EK card respectively. 


The number of input wire segments in a symmetrical section 
is limited to 150. 






ENiECGS 


All three computer codes solve for current basis functions in the integral equations 
(see Appendix A). Then, matrix, charge, input impedance, E and [i fields, etc.) are 


calculated. The impedance Z ts easily calculated by the following equation: 


UZeai gra a By ad (1) 


¢ nis the nth current segment on the wire surface, 


e mis the mth observation point on the wire surface, 


e YF, represents the ineident electric field om the wines ace, 


e [(Z),,JC/,J represents the axial component of the scattered field at the surface 
of the mth wire segment due to the current on all of the segments, 


e LV,,1,L2,] represent column matrices where n= 1, 2, 3........ N, with N unknowns 
and N current segments, 


¢ (Z),,, 1S a square matrix where m= 1, 2,3,.....N, with N unknowns and N current 
segments. 


Zi, = Ge seas (2) 
where : 
e Z,, 1S the antenna impedance at its terminals, 
R,, 18 the antenna resistance at its terminals, and 


e X,, 1S the antenna reactance at its terminals. 


The resistive part alone consists of two components : 


Rin = B+ Ry (3) 


where : 
e 1s the radiation resistance of the antenna, and 


e , is the loss resistance of the antenna. 


Radiation resistance (R,) represents power that leaves the antenna as radiation, 


while loss resistance (R,) represents power dissipation in the antenna Structure. 


Different computer codes use different basis functions and weighting factors for 
formulation of Electric Field Integral Equations (EFIE). Because of this, the results of 


computer simulations may be different. 


B. OVERVIEW OF MODELING 
This and the following sections develop four different monopole computer models 


(see Table 3) which have different radii and various sub-models. 


Model | is a case of constant radius. Model 2 is a case of one-step radii and equal 
length sub-sections. Model 3 is a case of two-step radu and equal length sub-sections. 
Model 4 is a case of four-step radil and equal length sub-sections. The models to be used 
for the investigation will be 8 feet (2.4384 meters) high, stepped or constant radius 
monopoles radiating above a perfectly conducting ground plane. The ground plane 1s 
located in the X-Y plane; the monopole is co-axial with the Z-axis. The antenna will 
be excited at its base with a magnitude of 1 Volt and 0 degrees phase. The excitation is 
at 27-31 Megahertz, or a wavelength ( 4 ) of 36.45377661 - 30.75787402 feet 
(1i.211211111 - 9.375 meters). All models are simulated by NEC, NECGS and 
MININEC. There are two different simulations in NEC; without the EK card and with 
ives card |Ref. 2). In simulating these models, NEC and MININEC require that the 
antennas be broken into short straight segments. 

The MVS batch system [Ref. 11] was used on the mainframe IBM 3033 Network. 
NEC is designed for a 60 bit computer, and the IBM 3033 has 32 bits, so double preci- 


sion is used. Each model is briefly explained in the following sections. 


Table 3. CONFIGURATION OF EACH MODEL 
Model Wire Bred: ae | 
Model | 27-31 | r=105-1(2) Expermea) 
Simulation 
_ Experiment, 
Model 2-1] + 27-31 = 1/4 r,= 1/8 (inch) 


| Experinaaial 
ay en 
| Model 2.2 | 2m 31 1/2 = 1/4 (inch) | Experinaaial 


y= 5) Loeeimer) 
Equivalent average radius of Simulation 
Model 2-1 





= Os leo) 
27-31 Equivalent average radius of Simulation 
Model 2-2 


77.2 r= 1/4 r, = 3/16 Experiment, 
Noss ppp r; = 1/8 (inch) Simulation 
=! — ane Experimenia 


= “a oan 
7-31 Equivalent average radius of Simulation 
Model 3-1] 
i oy Le anes} 
l 27-31 Equivalent average radius of Simulation 
Model 3-2 
i oe Experiment, 
Simulation 


ae io 
Experiment 


ie — bom en) 
Simulation 
Equivalent average radius of 


Simulation 
Model 4-1 
| r,=7/8 (inch) 
foes Equivalent average radius of Simulation 
. Model 4-2 






























ancl) 
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C. MODEL DESCRIPTIONS FOR MININEC AND NEC 


In simulating these models, NEC and MININEC require that the antenna be bro- 
ken into short straight segments. In consonance with this requirement, the models are 
composed of 2 - 70 equal segments. There are 2, 4, 6, and 10 segment increments in 
Model 1, Model 2, Model 3, and Model 4, respectively. The 70 segments are limitations 
Oil lL NINEC, not NEC. 


1]. Model 1 (Constant Radius Monopole Models) 


Model | (radius change from 10-5 2 to | J, see Figure 1) are constant radius 
monopole models with a height of 8 feet (2.4384 meters), driven by a | volt source. 
Table 4 provides the geometry data for 3 dilferent frequencies and 3 different segmen- 
tations. A total of 21 different radii are calculated for each sub-model (see Appendix C 
for input data). Three cases of segmentation are investigated: 6, 38, and 70 segments. 


An experiment 1s performed with the radius equal to 1/8 inch. 


wavelength 





Figure 1. Model 1 (Constant Radius Monopoles) 


Table 4. MODEL 1 FREQUENCY AND GEOMETRY DATA IN WAVE- 
LENGTHS. 


jsubwrodr [PSN [Sgn | | 
[Model ai-F2 | 2075787— | 6 | o0ones [os 
[Model -i-F3 | 31757874 | 6 | 004305 | 10-1 
Model 2-F1 | 29.7787 | 38 | 0.006370 
[Model -2-F3 | si.7sts7a | 38 | 0.00680 | 10" 

Vodel 23-1 

Model 1-3-F3 











2. Model 2 (One Stepped Radius and Equivalent Average Radius Monopoles) 

Model 2 ( see Figure 2) shows one stepped radius and equivalent average radius 
monopole models with a height of 8 fect (2.4384 meters). The dimensions of the anten- 
nas (1) and (2) are specified by the two lengths, L, and L,, and bv the two radu. r, and 
r, The lengths of L, and L, are both 4 feet. The two radi 7, and of (ii are loam 
and 1/4 inch respectively. The two radii r, and r, of (2) are 1/4 inch and 1/2 inch re- 
spectively. The ratio of the two radi 7) 9eM 0) andi aise 

The radius, r,,, of (1-E) is 3/16 inch which is the average radius of r, and r, of 
(1). The radius, r,,. of (2-E) is 3/8 inch which ts the average radius of 7 and r, ol (ay 
The length of L in (1-E) and (2-E) is § feet long. Table 5 provides the geometry data for 
27-31 MHz. 


oes - es Sy 


= 1/8 Inch 
f = 4 feet C= SUNS L,= 4 feet 
; fy = 4 inch 


incn 


| = 8 feet i 


be 3/8 = Loe [y= V2 Inch 


r=V4inch| |L,= 4 feet 
1 1 


INCN 








Eieune 2. Nlodel 2 (One Stepped Radius and Equivalent Average Radius 
Monopoles) 
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Table 5. MODEL 2 FREQUENCY AND GEOMETRY DATA IN WAVE- 
LENGTHS. 


Wire iareqe Number of ; 
Sub-Model aire | Memereh] 4 | rca 
A= 5 7isEae 
656166667 Ee 
Viedeleoat 2 57.31 2-70 = 2.85 7SIEee 
3.280833333E-4 
TE. - 
Viodel 2-2 2 27-31 2-10 econ 
: r, = 5.7 1SEae 
6.561667E-4 


1.31233E-3 
r= 
nee 27-31 2-70 one ) | 4esozeae 
E “ 4.92125E- 
Model 0.0122 - 
ite oi 


3. Model 3 (Iwo Stepped Radii and Equivalent Average Radius Monopoles) 

























- 9.842485E- 





Model 3 (see Figure 3) shows two stepped radii and equivalent average radius 
monopole models with a height of § feet (2.4384 meter). The dimensions of the antennas 
(1) and (2) are specified by the three equal lengths. 1, , L,. and L, , and by three dillesemn 
radi. 7, , 7, , and ry, , where there is a 1/8 inch difference between adjacent radi) Iie 
length of £,, L,, and ZL, are all $/3 feet [or each mioden 

The three radi 7,, y,. and r,. of (1) are 1/4 inch, 3/16 inch, and t/S inch resj7eee 
tively. The ratios of radii 7,/r, , r,/r, , and r,/r, are 4/3 , 3/2 , and 2 respectively. [he theese 
radii r,, r.. and r, of (2) are 1 inch. 15/16 inch, and 7/8 inch respectively. The ratios of 
radi r,/r. , r/r3 , r,/r; , of (2) are 16/15 , 15/14 , and 14/13 respectively. The radinsiiae 
of (1-E) is 1/4 inch which is the average of 7,, 7,, and 7, of (1), The radius, 1, of zee, 
is 7/8 inch which is the average of 7,, 7,, and r, of (2). The length of L in (1-E) and (2-E) 
is § feet. Table 6 provides the geometry data for 27-31 MHz. 


Table 6. MODEL 3 FREQUENCY AND GEOMETRY DATA IN WAVE- 
LENGTHS. 


Wire Freq. Number of 


ry, = S.7VISE-4 - 
eoolccereE 4 
r, = 
Model 3-1 3 27-31 3-69 ee. 4.28625E-4 - 
4.92125E-4 
r, = 2.86E-4 - 
3.2808333E-4 


0.07320 - 
0.00318 














0.07320 - 
0.0036] 





0.07320 - 
0.00361 
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f= Ve inch | | = 973 foot 

} 

aad, 

[>= 3/16 Inch Lo= 8/3 feet 

| 
ee La= 8/3 feet 

| 

(1) 
Figure 3. 
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le 
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L= 8/3 inch r.= 7/8 Inch 
lie 
L= 8/3 Inch ee 15/16 inch 
| 
| | L,= 8/3 inch r= Winch 


{2-8 


Nfodel 3 (Two Stepped Radii and Equivalent Average Radius Monopoles) 


4. Model 4 (Four Stepped Radii and Equivalent Average Radius Monopoles) 


Model 4 (see Figure 4) is a four stepped and equivalent average radius 
monopole model with a height of 8 feet (2.4384 meters). The dimensions of the antennas 
imipeand (2) are specified by the five equal lengths, L, , L,, L,, L,, and L, , and by the 
Miveradi, 7, ,/2,%,,%,,andr, , where there is a 1/8 inch difference between the adjacent 
Peas bne lensths of L,, L,, L,, L,, and L, are all 1.6 feet long for each model. 

ive five radu /,, r,, %,, % , and 7, of (1!) are 3/8 inch 5/116 inch, 1/4 inch, 3/16 inch, 
and 1/8 inch respectively. The ratios of adjacent radii r,/r, , ro/ry , rslta , falrs OF C1) are 
6/5 , 5/4 , 4/3 , and 3/2 respectively. 

ies cerrGi7 7,014, %, andy. o! (2) are | inch, 15/16 inch, 7/8 inch, 13/16 
inch, and 3/4 inch respectively. The ratios of adjacent radii r/r, , r2/ry, ry/ra, ralrs OF (2) 
are 16/15 , 15/14 , 14/13 , and 13/12 respectively. The radius, r,., of (1-£) is 1/4 inch 
famieneis the average of 7,,r>, 7;,7,, andy, of (1). The radius, r,,, of (2-L) 1s 7/8 inch which 
is the average of r,, r., r;, r,, and r, of (2). The length of L in (1-E) and (2-F) is 8 feet 


long. Table 7 provides the geometry data for 27-31 MHz. 
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| - | cs 3/4 Inch 


he 1/8 Inch l= 1.6 feet L = 1.6 feet 
6 
r= 1/4 
ie a : = r = 13/16 Inch 
es 3/16 inch L= | feet inch = 1.6 feet ‘ 
= 1/4 inch = <> = rl —_{- <p its 
4 inc L= | fee | = 8 feet a | feet fe 7/8 inch 
Be ee a 
¢ = 5/16 Inch _ L = 1.6 feet 
a Om oe (=7/8 2 1 = 18/16 inet 
2s 
L = 1.6 test y= finch 


r = 3/8 Inch 
1 


—_—- a ed So “| 





Figure 4. Niodel 4 (Four Stepped Radii and Equivalent Average Radius 
Nfonopoles) 
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Table 7. MODEL 4 FREQUENCY AND GEOMETRY DATA IN WAVE- 
LENGTHS. 


sc ire E pied: Number of 


= 8.5 725E- ae 
8425E 

ec: 4- 

8 302083333E-4 

0.04392- | 7, = 5.715E-4- 

Model 4-1 27-31 0.00334 | 6.561666 666E-4 
r, = 4.28625E-4 - 

4.92125E-4 


0.04392 - 


Oe, 
Model 4-2 5 0.00334 


5-70 





Model : 0.04392- | + = 5.715E-4- 
Model ow [ae 0.04392 ad a 





D. MODEL DESCRIPTION OF NECGS 


In this thesis, all monopole models stated in the above section (Model description 
of MININEC and NEC) are modeled with NECGS, using rotational symmetry with a 
Wire cage equivalent to the actual models with wires across the annulus formed by the 
stepped transition in radi. In this section, modeling methods for Model 2-2 (see Figure 
2) are explained in detail. The other models are modeled similarly. 


The geometry is shown in a blown-up view in Figure 5. 
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r= 1/8 Inch 


NECGS ONLY 


r= 1/4 inch 





Figure 5. NECGS Model for Model 2 - 2 


The equal area rule, which is used in this thesis states that the total surface area of the 
6 cage wires would equal the same surface area of the actual antenna [Ref. 2]. The re- 
lationships between 7, and r,, the radius of the cage wires for section I, and between 1, 


and rs, the radius of the cage wires for section 2, is 6 to }; that 1s, 


2ar, = 6(2ar,) (4) 
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2Rry = O(2zrz) (5) 


r,p 18 the average of r, andr,. Then one continuous three section wire of different radii 
Ya, Ya, and r, iS rotated 6 times about the Z-axis. The distance between the Z-axis and 
the center of wire r, is the radius ry, and to the center of wire r, is r,, Another method 


uses the average radius for r,, r,,, and r,; that is, 


mes es 


= ee 
(r, + rz) Sr, + 3rs 
aes? 2 oe. 2 
a ° a a 
» 2 
3 tee I's) 
24 ta ge a 


In this thesis, both cases are considered for each model. Additionally the case of an end 
cap on the top of the wire is considered. The modeling method for these cases uses ta- 
pering to increase the segment length, A , away from the step region, keeping a value less 
than 2 for the ratio of adjacent segment lengths. An auxihary program RVAL [ see 


Eeependix 1.2 | 1s used to create the tapered length data required in NECGS. 


il. EXPERIMENTAL SYSTEM AND RESULTS 


A. GENERAL OPERATION 


Figure 6 is a block diagram of the experimental system. 


1. short 
30 x 30 feet 2. unknown 
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Figure 6. Block Diagram of the Experimental System 


The input impedance Z,, of various models can be measured using a signal genera- 
tor, vector voltmeter, 20 dB dual directional coupler (WBE Model A73D), various con- 
nectors and a RG-9 coaxial cable. 

The signal generator (HP 8640B, Ref. [12]) operates from 0.45 MHz to 512 MHz 
and has a frequency readout of 10 Hz with a maximum output of 2 volts. In this ex- 
periment, a maximum output of | volt was used due to the vector voltmeter maximum 
linut and to achieve the best signal-to-noise ratio. 

The vector voltmeter (HP 8405A, Ref. [13]) 1s a dual channel millivolt/phasemeter 
which operates over a three decade range from | to 1000 MHz. It measures both voltage 
and phase difference between its two input channels and also provides the phase angle 
Bemveen any two voltage vectors. 

There are two connectors and one RG-9 coaxial cable between the signal generator 
and one 20 dB dual directional coupler. The RG-9 coaxial cable has a characteristic 
impedance Z, of 50 ohms. 

A vector voltmeter accessory kit LIS7A [Ref. 14] is used for making all connections. 
The 11536A (Figure 6) is a 50 ohm Tce with tvpe N RF fittings for monitoring signals 
in 50 ohm transmission lines. The 908A (Figure 6) 1s 50 ohm toad for terminating 50V 
ohm coaxial svstems in their characteristic unpedance. 

The 20 dB dual coupler has a 1-100 MHz operating range, a 45 dB separation be- 
tween the forward and reverse channels, and 0.3 dB insertion loss. The 20 dB dual 
coupler is then connected by a connector to the antenna on a 30 x 30 feet ground plane. 

The impedances of the 7 models (Model 1, Model 2-1, Model 2-2, model 3-1, Model 
3-2, Model 4-1, and Model 4-2) are measured by sweeping frequencies from 27 MHz to 


31 MHz. The results are then compared with the results of computer simulations. 


B. THEORY 

Input impedance Z,, can be obtained by measuring the reflection coefficient (Ref. 
10]. The V; signal from the signal generator propagates to the load through the trans- 
mission line. A portion, Vz, of the incident signal is phase shifted and reflected by the 
load. The directional coupler in this experiment is located at termina} A and provides 


“maples of | and }, to the vector voltinecter. 


The relationships between input impedance and reflection coefficient are defined by 


the following equations (Figure 7): 


—al—jpl 





; - , —x/—jBl ? 
Vp ‘Vr, &XP OR de eG 
Tr, exptnat =, CNP OXP 
p VF, EXP a 
aS es ody 
a See exp 
Iie Ie 
leet 
7 
: R 
Ky = zie 
F 
eee 
I 
: Ry 
Kp = V 
ie 
where 


e I, 1s the reflection voltage at input terminal A, from load terminal B, 
e V,1is the forward voltage at input terminal A, 

e V;, 1s the forward voltage at the load terminal B, 

e Vp, is the reflected voltage at the load terminal B, 


®e o 1s the attenuation constant, 


(7) 


(8) 


(9) 


(10) 


(12) 


e fis the phase constant, 


e 6? is the distance between the input terminal A and the load terminal B (between 
the dual coupler and the antenna connecting point of ground plane in this exper- 
iment), 


e KA, 1s the complex reflection coefficient at the input terminal A, and 


e K, 1s the complex reflection coefficient at the load terminal B (ground plane). 


In this thesis, the Ay is calculated by measuring the K,. Then, the input impedance, 


Zn, 1s calculated by a computer program according to the following equation; 


l+K 
Z,=Z 


eo | K,. (13) 


where 


Z, 1s the characteristic impedance of transmission line. 





Figure 7.  iuput Impedance of a Line 


to 
"sr 


C. EXPERIMENTAL MODELING AND MEASURMENT PROCEDURES. 

All seven experimental models are measured. 

1. Experimental Modeling 

Model 1 (brass), Model 2-1 (aluminum), and Model 2-3 (aluminum) are solid 

rods. The other models (Model 3-1, Model 3-2, Model 4-1, and Model 4-2) use tele- 
scoping aluminum tubing (Figure 8). To support the connection point between the an- 
tenna and the 30 x 30 foot ground plane, plastic supports of 3.6 inch diameter and 2inch 
height are used. For telescoping tubing, the different aluminum sections are joined to- 


gether by hose clamps. 


QQ DD 


3 SSS 


W 


> 


“SS 


Y, 





Figure 8. Photograph of all Models for Experiments 
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2. Measurement Procedures 
Measurement procedures for input impedances are as follows: 
1. Measure the lengths and diameters of seven monopole models 


2. The svstem is calibrated prior to the measurements. A short circuit is placed at 
the monopole connection (at the 30 x 30 foot ground plane) and adjusted so that 
the phase angle is +180 degrees at a reference of 29 MHz (the center frequency 
of the measurement) to account for anv electrical distance between the 20 dB dual 
directional coupler and the monopole connection point. Then the generator fre- 
quency is varied from 27 to 31 MHz and measurements are made of the magnitude 
and phase of the reflection coefficient to compute the appropriate correction fac- 
tors. 


3. Connect one of seven monopole antennas to the ground plane and measure its re- 
flection coefficient over the frequency range (27 - 31 MHz) in 1 MHz steps. 


4. Repeat procedure 3 for the other antennas. 


Cay 


The real and imaginary input impedances for each antenna model are calculated 
by the computer program (Appendix D.1). 
D. THE RESULTS OF THE EXPERIMENT 

Measurements were made 4 times to test repeatability and the measured and average 
data are given in Table 8. The graphic results and analvsis will be given in the next 
chapter comparing the measurements with computer simulation results. In the table, S 


Maeans a short and L means a load. 


Table 8. THE AVERAGE RESULTS OF FOUR REPETITIVE EXPER- 
IMENTAL SOURCE MEASUREMENTS OF REFLECTION COEFFI- 
CTE 
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IV... COMPUTER SIMULATION, EXPERIMENTAL RESULTS, AND 
ANALYSIS 


This chapter presents the results of the computer models developed in Chapter II 
and those of the experiment explained in Chapter III]. Each model was tested bv 
changing the number of segments or radius and the frequency to find the input 
impedance. 

The results of the different computer codes are compared with the experimental 
results. The input geometry data sets are given in Appendix B. MININEC results have 
been shown to be valid when the ratio of radius to wavelength is smaller than 0.001 
(Ref. 8]. 

The graphs of the input convergence test of Model 2-2 for MININEC and NEC 
are given in Appendix C. MININEC results always converge faster than those of NEC. 

The results of the experiment are used to verify the computer simulations. In the 
following sections the results of different computer codes for Model | (constant radius 
of 1/8 inch) are compared with the results of the experiments. It is well known that the 
average gain of monopoles on perfect ground is 2.0 and azimuth radiation patterns are 


omni-directional [Ref. 16]. 


A. MODEL 1! RESULTS 


First. Model 1 data sets (see Appendix C) were run to find the input impedance 
emenmees, Ihe results of MININEC, NEC (Qvithout EK card and with EK card), and 
NECGS are plotted in Figures 9 and 10 to show the real (input resistance) and imaginary 
part (input reactance) of the input impedance. The radius was changed from 0.001 / to 
1 4 at a frequency of 29.7578 MHz with different number of segments for each model 
equal to 6, 38, and 70 segments. The real part of the input impedance has smaller vari- 
ations than the imaginarv part as frequency is swept. Comparing Figures 9, 11, and 13 
(the input resistances, real part), variations of computer code results are greater as fre- 
quency moves away from resonance ( 29.22 MHz). When the radius is larger than 


0.001 4 , the variations are even greater. The results of input impedance at these larger 


are therefore not as accurate. Comparing the reactance (the imaginary part of the input 
impedance), Figures 10, 12, and 14, the results are more sensitive than the those of input 
resistance. especially versus frequency. 

Next, the experimental results forawodel 1 (radius of 1/8 inch) are presented ie 
ures 15 and 16 show the results of the computer simulation and the experiment. The 
results for just | segment for all computer simulations are far from convergence. For the 
other cases of segmentation as compared to experiment, the results are almost coinci- 
dental for the real part, and almost in exact agreement with the input reactances except 


at low frequencies. 


30 
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Figure 10. Model 1-1-Fl, 1-2-F1, and 1-3-F1 Showing Input Reactance vs. Radius 
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Figure If. Model 1-1-F2, 1-2-F2, and 1-3-F2 Showing Input Resistance vs. Radius 
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Figure 13. Model 1-1-F3, 1-2-F3, and 1-3-F3 Showing Input Resistance vs. Radius 
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Figure 14. © Model 1-1-F3, 1-2-F3, and 1-3-F3 Showing Input Reactance vs. Radius 
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Figure 16. 


Bs NODEL 2 RESULTS 


1. Model 2-1 results 

The ratio of adjacent radu r,/r, for this model is 2 and the radius step between 
the adjacent sections is 1/8 inch. 

Figures 17 and 18 show the results of MININEC and experiments. The re- 
sistance and reactance for this model as calculated by MININEC are in close agreement 
with the results of the experiment. 

Figures 19 and 20 show the results of NEC (without the EK card) and the ex- 
periment. The input resistance (the real part) of NEC (without the EK card) is in good 
agreement with that of the experiment but the reactance with apparently converged re- 
sults using segmentations of 33,33 and 35,35 deviates some 20 ohms from the exper- 
iment. 

Figures 2] and 22 show the results of NEC (with the EK card) and the exper- 
iment. The input resistance (the real part) of NEC (without the EK card) is in good 
agreement with that of the experiment but the reactance similarly deviates some 20 ohms 
Meeevas the case with the EK card. Comparing Figures 19 - 22, the results of NEC 
(without the EK card) agree perfectly with those of NEC (with the EK card) for this 
model. 

fcures 23 and 24 show the results of NECGS and the expernments. Ihe input 
resistance (the real part) and the reactance are about 5 ohms higher than those of the 
experiments. The resistance and reactance are in verv good agreement agreement for 
different models of NECGS. (In the figures, the following applies: no letters after the 
segment number indicates different radi modeling , (E) indicates equal radius modeling. 
(C) indicates different radi modeling with an end cap, and (CE) indicates equal radius 
modeling with an end). For the imaginary part of the input impedance, the model of 


equal radii with the end cap 1s slightly different from the others. 
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Figure 17. Model 2-1 Input Resistance vs. Frequency (27-31 MHz) for MININEC 


and the Experiment 
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Figure 18. Model 2-1 Input Reactance vs. Frequency (27-31 MHz) for MININEC 


and the Experiment 
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Figure 23. Model 2-1 Input Resistance vs. Frequency (27-31 MHz) for NECGS 
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Figure 24. Model 2-1 Input Reactance vs. Frequency (27-31 MHz) for NECGS 


and the Experiment 
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2. Model 2-2 results 

The ratio of adjacent radi r,/r, for this model is 2 and the radius step between 
the adjacent sections 1s 1,4 inch. The ratio is the same as Model 2-1, but the radii of the 
sections are doubled. 

Figures 25 and 26 show the results of MININEC and the experiment. The in- 
put resistance values (the real part) from MININEC are a maximum of 5 ohms different 
from those of the experiment. The input reactances (the imaginarv part) of MININEC 
for segmentations of 1,1 and 3,3 are the closest to those of the experiment. 

Figures 27 and 28 show the results of NEC (without the EK card) and the ex- 
periment. The input resistance values (the real part) from NEC (without the EK card) 
have a maximum deviation of 6 ohms, which is slightly worse than the MININEC re- 
sults. The apparently converged reactance (the imaginary part) of NEC (with the EK 
card) has a maximum deviation of 20 ohms from those of the experiment. 

Figures 29 and 30 show the results of NEC (with the EK card) and the exper- 
iment. The input resistance values (the real part) from NEC (with the EK card) have a 
maximiuin deviation of 6 ohms from those of the experiment. But the apparently con- 
verged input reactance values (the imaginary part) from NEC (with the EK card) have 
a maximum deviation of 30 ohms from those of the experiment. The input resistance 
of NEC (with the EK card} shows little difference from that of NEC (without ties 
card). The input reactance (with and without the EK card), however, is different. 

Figures 31 and 32 show the results of NECGS and the experiment. The input 
resistances of NECGS without the end cap are closer to the results of the experiment 
than those of NECGS with the end cap. The input reactance of NECGS does not match 


exactly with the experimental results for this model. 
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Figure 25. Model 2-2 Input Resistance vs. Frequency (27-31 Miz) for MININEC 


and the Experiment 
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Figure 26. Model 2-2 Input Reactance vs. Frequency (27-31 MHz) for MININEC 


and the Experiment 
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3. Model 2-1-E results 


Model 2-1-E has an equivalent average radius of 3/16 inch for Model 2-1. Fig- 
ures 33 and 34 show the results of all computer codes and the experiments with seg- 
mentations of 6, 66, and 70 segments. The input resistance results from the computer 
code is in good agreement with the experimental results except for those of 2 segments. 
The reactance of the computer code results 1s very different from the experimental results 
(about 20 ohms). 
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4. Model 2-2-E results 

Model 2-2-E has an equivalent average radius of 3/8 inch for Model 2-2. Fig- 
ures 35 and 36 show the results of all computer codes and the experiments with seg- 
mentations of 6, 66, and 70 segments. The input resistance results from the computer 
codes are different from those of the experiment for the Model 2-1-E. The input 
reactance of the computer code results is very different than that of the experiment. 
Comparing with Model 2-1-E, the results of using a thicker equivalent average radius for 
a large difference between adjacent radii are worse than those of a thinner equivalent 


average radius. 
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Figure 36. Model 2-2-E Input Reactance vs. Frequency (27-31 MHz) for all Com- 


puter Simulations and the Experiment 


C. MODEL 3 RESULTS 


1. Model 3-1 results. 

Model 3-1 has 3 different radu with a step change of 4/3 between adjacent 
sections which is a smaller step than that of Model 2-1] and 2-2. Figure 37 shows the 
input resistance for computer code results. They are in good agreement with those of the 
experiment except for NECGS with an end cap. Figure 38 shows the input reactance 
for MININEC and the experiment. Both results are in good agreement. Figures 39 and 
40 show that the results for NEC (without the EK and with the EK card) are not in good 
agreement with the results of the experiment. Figure 41 shows the results of NECGS 


which are in good agreement with the results of the experiment. 
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Figure 41. NMfodel 3-1 Input Reactance vs. Frequency (27-31 MHz) for NECGS 


and the Experiment 
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2. Model 3-2 results 

Model 3-2 has 3 different radii. with a maximum step ratio of 15,14 between 
adjacent sections which is a smaller step than that of Model 3-1. The step difference 
between adjacent radii is 1/16 inch. Figure 42 shows good agreement between the re- 
sistance of computer code results and those of the experiment. Figure 43 shows that 
input reactance for MININEC is in good agreement with the results of the experiment. 
Figure 44 shows that the input reactance values for NEC (without EK card) deviate 
some 15 ohms from the measured input reactance. Figure 45 shows that the input 
reactance values for NEC (with EK card) deviate some 14 ohms from the measured 
reactance. Figure 46 shows that the input reactance values for NECGS agree better 
than both of the NEC results. 
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Figure 42. Model 3-2 Input Resistance vs. Frequency (27-31 MHz) for all Com- 
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Figure 43. 
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Figure 45. Mfodel 3-2 Input Reactance vs. Frequency (27-31 Miz) for NEC (EK 
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Figure 46. Niodet 3-2 Input Reactance ys. Frequency (27-31 MHz) for NECGS 


and the Experiment 
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3. Model 3-1-E results 
Model 3-1-E is an equivalent average constant radius version of Model 3-1. 
Figure 47 shows that the input resistance values for the computer results are reasonably 
good compared to the experimental results except for NECGS with an end cap. Figure 
48 show's that the input reactance values for the computer results do not agree well with 


the experimental results. 
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Figure 47, Nfodel 3-1-E Input Resistance vs. Frequency (27-31 MHz) for all 


Computer Simulations and the Experiment 
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Figure 48. Model 3-1-E Input Reactance vs. Frequency (27-31 MHz) for all Com- 


puter Simulations and the Experiment 
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4. Model 3-2-E results 
Model 3-2-E is the equivalent average constant radius version of Model 3-2. 
Figure 49 shows the input resistance values for the computer results do not agree as well 


as case of Model 3-1-E. Figure 50 shows simular results for the reactance comparisons. 
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Figure 49, Model 3-2-E Input Resistance vs. Frequency (27-31 NiHz) for all 


Computer Simulations and the Experiment 
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Figure 50. 


D. MODEL 4 RESULTS 
I. Mfodel 4-1 results 

Model 4-1 has 5 different radii with a maximum step ratio change of 3/2 be- 
tween the adjacent sections. The step difference between adjacent radii is 1/16 inch. 
Figures 51, 53, 55, and 57 show good agreement between resistance values of the com- 
puter results and those of the experiment. Figure 52 shows good agreement between 
reactance values of the computer results (MININEC and NECGS) and those of the ex- 
periment. But Figures 52, 54 and 56 show bad agreement between reactance values of 


the computer results (MININEC and NECGS) and those of the experiment. 
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Figure 51. Nfodel 4-1! Input Resistance vs. Frequency (27-31 MHz) for MININEC 


and the Experiment 
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Figure 52. Model 4-1 Input Reactance vs. Frequency (27-31 MH{z) for MININEC 


and the Experiment 
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Figure 54. Model 4-1! Input Reactance vs. Frequency (27-31 MHz) for NEC (no 


EK card) and the Experiment 
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Figure 55. Model 4-1 Input Resistance vs. Frequency (27-31 MIHIz) for NEC (EK 


card) and the Experiment 
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Figure 57, Ntodel 4-1! Input Resistance vs. Frequency (27-31 MEIz) for NECGS 


and the Experiment 
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Figure 58. Model 4-1 Input Reactance vs. Frequency (27-31 Miz) for NECGS 


and the Experiment 
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2. Model 4-2 results 

Model 4-2 has five different radii with a maximum step ratio of 13,12 between 
adjacent sections. The step difference between adjacent radii is also 1/16 inch. Figures 
59, 61, 63, and 65 show that resistance values for all computer code results are in good 
agreement with those of the experiment. Figure 60 (MININEC) shows that input 
reactance results are in very good agreement with the experimental results. Figures 62 
and 64 (NEC) show input reactance values deviate some 10 ohms from the experimental 
results. The results for NEC (with the EK card and without the EK card) are identical 
for this model. Figure 66 shows that reactance values for NECGS are close to the ex- 


perimental results. 
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Figure 59. Model 4-2 Input Resistance vs. Frequency (27-31 MHz) for MININEC 


and the Experiment 
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Figure 62. Model 4-2 Input Reactance vs. Frequency (27-31 MHz) for NEC (no 


EK card) and the Experiment 
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Figure 65. Model 4-2 Input Resistance vs. Frequency (27-31 MIIz) for NECGS 


EK card and the Experiment 
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Figure 66. Model 4-2 Input Reactance vs. Frequency (27-31 NIHz) for NECGS the 


Experiment. 
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3. Model 4-1-E results 


Model 4-1-E is an equivalent average constant radius version of Model 4-1. 
Figure 67 shows that input resistance values are in fairly good agreement with those of 
the experiment. Figure 68 shows that input reactance values are very different from 


Emose Of the experiment. 
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Figure 67. Model 4-1-E Input Resistance vs. Frequency (27-31 MlIz) for all 


Computer Simulations and the Experiment 
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Figure 68. Model 4-1-E Input Reactance vs. Frequency (27-31 MHz) for all Com- 


puter Simulations and the Experiment 
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4. Model 4-2-E results 
Model 4-2-E is an equivalent average constant radius (7/8 inch) version of 


Model 4-2. Figure 69 shows that input resistance values of all computer results are close 
to those of the experiment. Figure 70 shows that input reactance values do not agree 


well with those of the experiment. The results of MININEC are reasonably close, how- 


ever, for this model. 





9°0€ 





(ZHW) AONANVAUA 
¢ 0€ 8°6¢ 6c 0°62 9°8c 2 8c 8°22 ve 0°22 


TNaNaaNSVAN 0. 
OL TANINSSS 85 ° 


as LANAINDAS SD a 


G LNANDIS S9_8- 
T LNANDgS SD a 


OL INAINDIS Mas 
——$9_ININDIS Nas 

___§ LNANDIS Na_« 

—Tingnoas 3a 

z INANDaS YON a" 

IS NI ON 





P Oks TNaN9aS NINE CNH, a aaa Na ager ROO 
S9 LNANSAS NIN? i : ; : ; : : 
—$ANINAAS NINO. 
I LNANSSS NIX 3 


GNIDaT 


Pe Pere rcw cece terse cewese towne ence ces cc settee ee sent tees ence tees nce cece ecccwces we ccccwccccece 
pisinlele e sie Sele! a\elala aisicleia aefala'sieicleleioee 


SLNINIUIdXA UNV SNOILVIANIS wot 
A-c—-V¥ TACOW JO AONVLSISAY LOAdNI 


OF- 


0c 


OF 


(SIX 


0g 


HO) AONVLSISAY LOdNI 


MHz) for all 


Model 4-2-E Input Resistance vs. Frequency (27-31 


Figure 69. 


t 


103 


Computer Simulations and the Experimen 
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Figure 70. Model 4-2-E Input Reactance vs. Frequency (27-31 MHz) for all Com- 


puter Simulations and the Experiment 
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V. CONCLUSIONS AND RECOMMENDATIONS 


This thesis has developed 4 computer model groups and 7 experimental models for 
stepped radius monopoles. Thin-wire modeling using NEC, MININEC, and NECGS 
produced results for input impedance over a 10% frequency range (27-31 MHz) and 


segmentations of 1-70 segments. 


A. CONCLUSIONS 

Throughout this study, stepped radius antennas show mnore sensitivity in the imagi- 
nary part of the input impedance than the real part when frequency is swept. When 
comiparing results of computer modeling to results of the experiment, more errors occur 
for larger ratios of adjacent radii especially for the imaginarv part of the input impedance 
momen can seriously affect antennas such as the Yagi. This is because the impedance 
directly controls proper current ratios and phasings which are essential for a clean pat- 
tern With low side lobes. Slight changes in these current ratios and phasings have con- 
Sieraole effect on the sidelobes. The results of MININEC are close to results of our 
experiments which included r//’s up to 0.0026. This is surprising since NEC has been 
adopted by many as the most accurate and powerful code available for wire antenna 
modeling. MININEC is clearlv the best code to use for step radius antenna problems. 
Mememresults of NIECGS are the next closest to those of the experiment. The results of 
simulating the equivalent average constant radius of different radu with the same total 
length are very different from those of experiments. The results of NEC are the furthest 
from those of other computer code results and the experiments. In summary. 
MININEC is recommended for the design of tapered or stepped Yagi’s, and Log Peri- 
odic (LP) antennas where the equivalent lengths at constant radius can be calculated and 


input to NEC which has transmission lines to connect LP elements. 


B. RECOMMENDATIONS 
Many aspects of this study warrant futher investigation: 


e The treatment of step charge on the annulus and the charge discontinuty at the 
junction of radius step changes and the effect on current at match points in NEC 
is meeced, 
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More measurements of input impedance on complicated antennas (Yagi's and 
LP’s) are needed. 


The development of subroutines for swept frequency in MININEC is needed. 


The development of subroutines for plotting impedance vs. frequency for 
NEL SINE Cassmeeded: 


NECGS wire-cage models might be improved if the criteria for equivalence between 
a normal stepped radius element and a cage model were varied. The present choice 
for equivalence is based on equal surface area, which has been proven inadequate 
for short monopoles. 
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APPENDIX A. COMPUTER CODE DESCRIPTIONS 


1. Introduction 


Integral equations are used for solving for currents on conducting objects, 


X+ Y= | xKas 
5 


where 
e X is the unknown current, 
e Y is the driven field (electric field or magnetic field), 
e Kk is the kernel containing the geometry of the system, and 
e s is the surface of the svstem. 


The electric field tvpe equation for wires 1s: 


TeE+|T Kas 


where 7 1s a unit vector. 


The magnetic field type uses the following equation for closed surfaces 


T=2ix ii+|T Kas 
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(16) 


Different computer codes use various basis functions and weighting factors for 
the Electric Field Integral Equations (EFIE’s) or Magnetic Field Integral Equations 
(MFIE’s). MININEC uses the Galerkin procedure and NEC uses point-matching for 
the EFIE in the case of the thin-wire model. Both use the method of moments. This 
appendix explains the method of moments, MININEC, NEC, and NECGS briefly. 

2. The Method of Moments 
All wire antenna problems can be expressed initially in the form of a linear in- 
tegral equation derived from Maxwell’s equations and the boundary conditions by the 


following equation: 


FR) =+ | RL OF oe Ido (17) 
0 
Nien 
e F(y, 0) 1s a function of position and time, 
° r 1s position, 
° tis time, and 
e OF. @) 1s the Poumer transionimet aa): 


The method of moments [Ref. 1] 1s a general procedure for solving linear 
equations and so-named because the process of taking moments is multiphed by appro- 
priate weighting functions and then integrated. The use of the method of moments in 
electromagnetics and related matrix methods has become popular since the work of J. 
H. Richmond and R. F. Harrington showed how powerful and versatile such techniques 
could be [Ref. 1]. 


Following Harrington, consider the inhomogeneous equation: 


where 
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° L,, 1s an integral or integro-differential linear operator, 
e I 1s a known function (an impressed freld or voltage source), and 


° @ is a function to be determined (a distribution of electric current). 


Here @ and I are functions of the spatial coordinates and of frequency. The 
quantity @ is expressed in terms of known functions using undetermined parameters; for 
example, as a linear combination of a finite number of basis functions @, in the domain 
OleL,. 


For the current case, it will be expressed as follows: 


_ 
Ke) =) LIKE) (19) 
i=] 
where 
° Nis the number of basis functions which cover the wires, 
° I, are the amplitudes of the unknowns which need to be found, and 
e Ti(f) are Known basis functions. 


Different numerical electromagnetic computer codes have a choice of their own special 
combination of basis and amplitude (weighting), 
By MININEC 

MININEC 1s a BASIC program for the PC using the method of moments for 
the analysis of thin wire antennas, suitable for small problems (less than 75 unknowns 
and 10 wires, depending on the computer memory and compiler). MININEC solves the 
impedance and the current on arbitranly oriented wires, including configurations with 
multiple wire junctions, in free space and over a perfectly conducting ground plane. 
Other options include lumped parameter impedance loading of wires and calculation of 
near or far zone electric fields. Both near or far electric and magnetic fields can be de- 
termined for free space and a perfectly conducting ground. 

MININEC uses a Galerkin procedure for the current representation. Currents 
on the wires are expanded in terms of a finite series of known basis functions with un- 


known amplitudes. Since a finite number of basis functions have been chosen, N 
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equations need to be derived from the EFIE to obtain a solution for the unknown am- 
plitudes, 7. This is done by multiplying the EFIE equation in turn by N weighting 
functions and integrating over the wire length. These weighting functions could be delta 
functions positioned at the center of each basis function, and in this way the EFIE 
equation would be satisfied at these points. However, the solution could be badly in 
error and it has been reported that better results are obtained if the basis functions 
themselves are equal to the weighting functions. In this way, the overall error of the 
solution for the current 1s minimized in the least squares sense. This scheme is known 
as the Galerkin procedure. Refer to [Ref. 1] for more information on the Galerkin pro- 
cedure: 
4. NUMERICAL ELECTROMAGNETICS CODE (NEC) 

The Numerical Electromagnetics Code (NEC) is a user-oriented computer code 
for the analysis of the electromagnetic response of antennas and other metal structures. 
It is built around the numerical solution of integral equations for the current induced 
on structures by sources or incident fields. This approach avoids many of the simplifving 
assumptions required by other solution methods and provides a highly accurate and 
versatile tool for electromagnetic analysis. 

The code combines an integral equation for smooth surfaces to provide con- 
venient and accurate modeling of a wide range of structures. A model may include non- 
radiating networks and transmission lines connecting parts of the structure, perfect or 
imperfect conductors, and lumped element loading. A structure may also be modeled 
over a ground plane that may be either a perfect or imperfect conductor. 

The excitation may be either voltage sources on the structure or an incident 
plane wave of linear or elliptic polarization. The output mav include induced currents 
and charges, near electric or magnetic fields, and radiated fields. Hence the program 1s 
Suited to either antenna analysis or scattering and Electro-Magnetic Pulse (EMP) 
studies. 

The integral equation approach is best suited to structures with dimensions up 
to several wavelengths. Although there is no theoretical size limit, the numerical solution 
requires a matrix equation of increasing order as the structure size is increased relative 
to 1 wavelength. Hence, modeling very large structures may require more computer time 
and file storage than is practical on a particular machine. In such cases, standard high- 
frequency approximations such as the geometrical optics, physical optics, or geometrical 
theory of diffraction may be more suitable than the integral equation approach used in 
NEG. 
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a. Structure Modeling 
The basic elements for modeling structures in NEC are short straight seg- 
ments for wires and flat patches for surfaces. An antenna and anv conducting object in 
its vicinity that affect its performance must be modeled with strings of segments fol- 
lowing the paths of wires and with patches covering surfaces. Proper choice of the seg- 
ments and patches for a model is the most critical step in obtaining accurate results. In 
this thesis, thin wire modeling by NEC 1s used. Refer to the NEC manual [Ref. 2] for 
more information. 
b. Wire Modeling 
A wire segment 1s defined by the coordinates of its two end points and its 
radius. Modeling a wire structure with segments involves both geometrical and electrical 
factors. Geometrically, the segments should follow the paths of conductors as closelv as 
possible, using a piece-wise linear fit on curves. The following are electrical consider- 
ations for wire segment modeling : 


e The segment length A relative to the wavelength A 1s: 


» A should be less than about 0.1 4 in order to get accurate results in most of the 
cases. 


» A somewhat longer segment may be acceptable on long wires with no abrupt 
changes while a shorter segment, 0.05 / or less. may be needed in modeling 
critical regions of antenna. 


» A less than 0.001 4 should be avoided since the sinularitv of the constant and 
cosine components of the current expansion leads to numerical inaccuracy. 


e The wire radius, r, relative to 4 is limited by the approximations used in the kernel 
of the electric field integration equation. The segment radius @ relative to both 
segment length A and wavelength / are: 


» o should be less than 0.1 / 
» go should be less than 0.125 A 


» a can be less than 0.5 A, but this requires the extended thin wire kernel option 
by placing the EK card in the input data set. 


¢ Connected segments must have identical coordinates for connected ends. NEC as- 
sumies two end segments connected if the separation between the end segments 1s 
less than 0.00] times the length of the shortest segment. 


e Segment intersections other than at their ends do not allow currents to flow from 
one segment to another. 


e Large wire radius changes should be avoided particularly for adjacent segments. If 
the segment has a large radius, then sharp bends should be avoided as well. 


e When modeling a solid structure with a wire grid, a large number of segments 
should be used. 


hy) 


e A segment is needed at the point where a network connection. a voltage or a cur- 
rent source, 1s going to be located. 


e Base fed wires connected to ground should be vertical. 


e The segments on either side of the excitation source should be parallel and have the 
same length and radu. 


e Parallel wires should be several radi apart. 


¢ Before modeling a structure, the limit of the number of segments and the number 
of connection points should be checked for the particular version of NEC. 


5. NECGS 
NECGS is a quick and very efficient special- purpose version of NEC3 for lim- 
ited applications [Ref. 2]. It was developed for a vertical monopole on a uniform radial 
wire ground screen. The radial wires can include top-hat wires and other conductors but 
thev must he in the X-Z plane NEG@GS works lite N ECs excent: 


a. Geometry 


e Inthe geometry section, the only acceptable cards are GW, GC, GR, GM (limited 
use), GS, and GE. 


e GR works differently and goes before the wires to be rotated. Examples below: 
“GW” card(s) to define the monopole in the Z-axis 
"Ge 11GeNS 
“GW’" card(s) for radial wires in X-Z plane. 


* I)Gon GR Cards has 10 eflecr 
e “GR” card may be omitted to run a monopole on a ground stake. 
e A thick tower may be modeled bv “rotating” an “L” shaped object. 


e A top load wire may also be defined in the X-Z plane along with the ground screen. 
The number of top loads must be the same as the number of ground screen wires; 
NR on GR card-unless a GM card is used. 


¢ “GM” allows limited move capability and will move RADIAL parts only, not axial 
wires. This is good for the number of top-load wires not equal to the number of 
radial wires. 


b. Nlain Code Section 
e NT, TL, CP, and WG are not supported. 
¢ EK card does not apply. 


e Voltage source excitation only is allowed. A source on a radial wire will be duphi- 
cated on all radial wires. 


e A load on a radial wire will be duplicated on all radials. 


nz 


c. Dumension Limitation 


The number of input wire segments on the monopole and one radial is limited to 
150. 


There is no dimension limit on the number of radials, except for computer time 
linutations. 
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APPENDIX B. INPUT IMPEDANCE CONVERGENCE GRAPH 


These are the convergence test graphs for MININEC and NEC. 
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Figure 71. Model 2-2 Input Resistance vs. Frequency (27-31 MHz) for MININEC 
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Figure 72. Model 2-2 Input Reactance vs. Frequency (27-31 MHz) for MININEC 
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Figure 74. Model 2-2 Input Reactance vs. Frequency (27-31 MHz) for NEC (no 
EK card) 
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Figure 75. Model 2-2 Input Resistance vs. Frequency (27-31 MHz) for NEC (Eh 
card) 
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Figure 76. Model 2-2 Input Reactance vs. Frequency (27-31 MHz) for NEC (EK 
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APPENDIX C. GEOQMETRY DATA SETS 


This section of the Appendix has the geometry data set samples of each computer 
simulation model. 
1. MININEC 
Following are the sample geometry data sets and the sample results of Model 
4-2 with various segments. The other data sets are different from these in segment 


number (1-70 segments), geometry, and frequencies (27-31 MHz). 


SHOSCEEHESHHSSEHH SHH HESEHSESEEHSESHESEEEEEHEEHEE 


MINIF-NUMERICAL ELECTROMAGNETICS CODE 
MININEC (3) 
10-13-1988 21:29:59 


SCHOCHHSHHE SE SCHEHEHEHHHEHEEHEHEHKSEHEHEEHKESEHEEEHEEHEEE 


FPREQUENG G2) 2 
WAVE LENGTH = 11.1037 METERS 


ENVIRONMENT (-—1 FOR FREE SPACE, -] FOR GROUND YUS cr). 
NUMBER OF MEDIA (0 FOR PERFECTLY CONDUCTING GROUND): 0 


NO. OF WIRES: 5 


WIRE O77 
COORDINATES END Oo, OF 
Xx Y¥ Z RADIUS ~ CONNECTION = SEGNIENTS 
0 0 0 -| 
0 0 48768 0254 0 ie 
WIRE NO. 2 
COORDINATES END NO-OF 
xX oe Zz RADIUS = CONNECTION | “SEGMENTS 
0 0 48°68 ] 
0 0 97536 0238125 0 [3 
WIRENO33 
COORDINATES END OV OF 
x Y Z RADIUS® CONNECTION © SEGNIENTS 
0 0 57 336 Z 
0 0 1.46304 022225 0 13 
WIRE NO. 4 
COORDINATES END On Or 
xX Y Zz RADIUS CONNECTION SEGMENTS 
0 0 1.46304 3 
0 0 1.95052 0206375 0 13 
WIRE NO. 5 
COORDINATES END NO.OF 
xX Y Z RADIUS CONNECTION SEGMENTS 
0 0 1.95072 4 
0 0 2.4384 01905 0 13 


—<? ANTENNA GEOMETRYs:. 


WIRE NO. | COORDINATES CONNECTION PULSE X Y Z RADIUS END] 
ENDZ NO; 

0 0 0 .0234 ol ka baal 

0 0 3.7 91S85E-O2 0254 al 

0 0 7,902°69E-02 .0234 [oh <3 

0 0 1125415 0254 1 | 4 


ooaoaoo“coo°0o 
aooooocnoeoo 


WIRE NO. 2 COORDINATES 


ED2 NO. 


oooocoacoooooo°o]e 
ooocnc*”oooooooqoco & 


WIRE NO. 3 COORDINATES 


Exp? NO. 


oooeoococooocoqooo o 
ooooucooqoooqojcooo9qo oe 


WIRE NO. 4 COORDINATES 


EXD. NO. 


oooooqoqocooqooqoco © 
ooeoooncp*vcooo cco oe 


WIRE NO. 
END2 NO. 


aoo0ooo0oaoococoocoooo eo 
ooooc}jooooqcooo © 


.1500534 
elso569 2 
22083] 
2625989 
3001108 
3376246 
3151385 
24126523 
4501661 


48 768 

3251938 
562:077 
.6002215 
637,354 
6752492 
eelzsos| 
7302769 
-787. 908 
8253046 
8628184 
00s 323 
937846] 


197936 

1.012874 
1.030388 
1.08°901 
l.125455 
1.162929 
1.200443 
EPCS YE 
[27567] 
312935 
1.350498 
1.388012 
1.425526 


1.46304 
1.500554 
1.338068 
led7 3902 
1.613095 
1.650609 
1.688123 
Tee2563 ¢ 
awe ci ley 
1.800665 
1.838178 
1.873692 
1.913206 


3 COORDINATES 


V9 502 

1.9§§234 
2.025748 
2.063262 
ZVO0E 25 
2.138289 
2.175803 
Z2iiesl@ 
2.250831 
2.288345 
2.325859 
PEORLew el aes 
2.400886 


0254 
0254 
0254 
0254 
0254 
0254 
0254 
0254 
0254 


0238125 
0238125 
0238125 
0238125 
0238125 
0238125 
0235125 
0238125 
0238125 
0238125 
0238125 
0238125 
0238125 


022273 
22225 
Opec.) 


02222) 


022225 
OrE22) 
02222) 
022225 
Wae2s) 


NVVIA 
02225 


20206375 
0206375 
0206375 
.0206375 
2063-5 
0206375 
020635 
.0206375 
0206375 
0206375 
.0206375 
(O20a5 75 
.0206375 


01905 
01905 
01905 
01905 
01905 
01905 
01905 
01905 
01905 
01905 
01905 
01905 
01905 


—_— a el 


hy BR RO BO BO BD BY RO BY BO BO BD 


Ld 


ww Ww Ww Ww Ww WI Ww Ww WwW Ww 


PPR HE HA PH LH LPP Pw 


a. 


we re Ue UU 


We tre Ue Ure Ue Ue 


[i ec ce ee on ee el 


Loe 
OnnpaR HRP RHR HR HHP AF OCWWwWwwww www w ae ST eM Ole RE Ce oe 


D Ue Ure Ue Ure Ue Ure re Ue a a It 


i. 
38 
39 


CONNECTION PULSE X 


40 
4] 
42 
43 
44 
45 
46 
47 
48 
49 
50 
3] 
52 


CONNECTION PULSE X 
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Y 


y 


RADIUS 


RADIUS 


RADIUS 


RADIUS 


END1 


END! 


END] 


END] 


NO. OF SOURCES: 1 PULSE NO., VOLTAGE MAGNITUDE, PHASE (DEGREES); SigaieU NeeeE Or LO 5) 


FILL MATRIX : 6:39 FACTOR MATRIX: 0:34 


AHHHHHEAAEDADHR HR EPH RAH 


CURRENT = 
IMPEDANCE 
POWER = 7. 
RaERKRHAEEEEDADEKRADAREH 
WIRE NO. 1: PULSE 
NO. (AMPS) 
! 1.547403E-02 
2 1.547006E-02 
3 1.545813E-02 
4 1.543827E-02 
5 1.541045E-02 
6 0153747 
7 1.533101 E-02 
g 0132794 
9 1.521985E-02 
10 1.515239E-02 
1 1.507698E-02 
12 1.49935SE-02 
13 1.4901 93E-02 
WIRE NO. 2: PULSE 
SO) (AMPS) 
15 1.459922E-02 
16 1.458$32E-02 
17 1.446935E-02 
18 0143426 
19 1.42081 7E-02 
20 1.406612E-02 
21 1.391652E-02 
22 0137594 
2 1.359476E-02 
2 1.342259E-02 
25 1.324282E-02 
26 1.305497E-02 
WIRE NO. 3: PULSE 
XO. (AMPS) 
28 1.266537E-02 
29 1.246383E-02 
20 1.225453E-02 
3] 1.203792E-02 
32 1.181423E-02 
33 1.158353E-02 
34 1.134592E-02 
33 1.110144E-02 
36 1.08501 2E-02 
Oe 1.059191 E-02 
38 0103267 
39 1.005389E-02 
WIRE NO. 4: PULSE 
NO. (AMPS) 
41 9.49992E-03 
42 9.21922SE-03 
43 §.93122E-03 
44 $.636565E-03 
45 §.335444E-03 
46 §.027976E-03 
ay -7,71418E-03 
48 
49 
50 
5] 
52 


SOURCE DATA 
( 1.547403E-02 , 1.856772E-02 J) 
= ( 26.48729 ,-31.78284 J) 
737014E-03 WATTS 


SESAME ECA SS SESE EATS OT Se | 


VOLTAGE = (1,0J) 


PEC SE EER ECE ESE ES EEE ER ES 


CURRENT DATA 


REAL IMAGINARY MAGNITUDE 
(AMPS) | (AMPS) — (DEGREES) 
1.856772E-02 2.417033E-02 30.19273 
1.775532E-02 2.354939E-02 48.93464 
.7603352E-02 2.342729E-02 48.71275 
.741042E-02 2.326935E-02 48.43576 
.723926E-02 2.312302E-02 48.20596 


PHASE 


— et oot 


1.707298E-02 2.297538E-02 47.99606 


1.690883E-02 2.282429E-02 47.801383 


0167445 022668 47.61948 
1.657854E-02 2.250538E-02 47.44667 
0164} 2.233569E-02 47.281 77 


1.623815E-02 
1.606241 E-02 
1]. 5$818SE-02 


2.215836E-02 47.12358 
0219729 46.97112 
2.177847E-02 46.32331 J 


1.480133E-02 1.569505E-02 2.157345E-02 46.6786] 


REAL IMAGINARY MAGNITUDE PHASE 
(AMPS) (AMPS) (DEGREES) J 1.480133E-02 1.569505E-02 2.157345E-02 46.6786] 
1.551504E-02 .0213°25 46.54668 


1.532832E-02 2.116073E-02 46.41695 
1.513607E-02 .0209395 46.2901 


1.493869E-02 2.070929E-02 46.16623 


1.473625E-02 .0204°02 46.04522 
1.452874E-02 2.022226E-02 45.92688 
0143162 1.996555E-02 45.81104 
1.409858E-02 1.970002E-02 45.69756 
1.387587E-02 1.942569E-02 45.5863 
1.364°99E-02 1.914245E-02 45.4°704 


0134148 1.88501S8E-02 45.36965 

1.31°S°1E-02 1.854809E-02 45.26375 J 1.285735E-02 1.292859E-02 1.823348E-02 45.15829 
REAL IMAGINARY MAGNITUDE PHASE 

(AMPS) (AMPS) (DEGREES) J 1.285735E-02 1.292859E-02 1.823348E-02 45.15829 


1].269244E-02 1.793069E-02 45.06117 
1.244835E-02 1.761558E-02 44.96439 
0121985 1.729095E-02 44.86874 
1.194349E-02 1.695°55E-02 44.°7439 
1.168354E-02 1.661569E-02 44.68133 
1.141874E-02 1.62654°E-02 44.58954 
O111492 1.590°06E-02 44.49895 
1.087495E-02 1.554048E-02 44.40952 
1.059602E-02 1.516577E-02 44.32116 
1.031236E-02 1.478287E-02 44.2338) 


1.0023S3E-02 1.439159E-02 44.14736 


9.729826E-03 1.399107E-02 44.06157 J 9.770452E-03 9.427121E-03 .0135769  43.97543 
REAL IMAGINARY MAGNITUDE PHASE 
(AMPS) (AMPS) (DEGREES) J 9.770452E-03 9.427121E-03 .0135769 — 43.97543 


9.140683E-03 
8.845924E-03 
8.545893E-03 
8.241 302E-03 
7.93235E-03 

7.619171 E-03 
7.301796E-03 


1.318334E-02 43.89595 
1.2776+2E-02 43.81619 
L.236119E-02 43.7369§ 
1.193773E-02 43.65844 
01 1 5066 43.58058 

1.106°98E-02 43.5034 
0106219 43.42688 


7.394065E-03 6.98024E-03 1.016838E-02 43.35096 
7,06736E-03 6.65444°E-03 9.707321E-03 43.27559 
6.734514E-03 6.324282E-03 9.238519E-03 43.20069 
6.394523E-03 3.989468E-03 &.76156E-03 43.12619 
6.047111E-03 5.6492°E-03 §.275373E-03 43.05189 J 
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5.687214E-03 5.299101E-03 7.773344E-03 42.97675 


Plies O. 5° PULSE REAL IMAGINARY MAGNIFUDE PHASE 


ENO. (AMPS) (AMPS) (AMPS) (DEGREES) J 3.687214E-03 5.299101 E-03 7.773344E-03 42.97675 
34 5.34661E-03 4.96965°E-03 7.299571E-03 42.90736 

35 4.993802E-03 4.630355E-03 6.810159E-03 42.83733 

36 4.632752E-03 4.28509E-03 6.310657E-03 42.76746 

37 4.263678E-03 3.934}16E-03 5.801397E-03 42.69788 

38 3.886295E-03 3.577207E-03 5.282017E-03 42.62855 

39 3.499946E-03 3.213°97E-03 4.751643E-03 42.55945 

60 3.103633E-03 2.84301E-03 4.208948E-03 42.4905 

6] 2.695801E-03 2.463468E-03 3.651851E-03 42.4216 

62 2.273904E-03 2.072911E-03 3.076946E-03 42.35258 

63 1.834579E-03 1.668344E-03 2.479728E-03 42.283 

64 1.364095E-03 1.23744°E-03 1.841746E-03 42.21295 

65 8.906736E-04 8.057465E-04 1.201052E-03 42.13402 E 0 0 0 0 


FILENAME (NAME.OUT): MB51327.0UT 


oe NEC 


Following are the sample geometry data sets for each model of NEC. 


a. Mfodel 1-I Geometry Data Set (6 segment) 


CM NEC SIMULATION FOR EXPERIMENT(Model 1-1) 

eT vVPEDANCE Vs RADIUS CHANGE WHEN SEGMENTS ARE 6. 

eu RADIUS CHANGE FROM E205 WAVELENGTH TO 1 WAVELENGTH 
evi CENTER FREQUENGY 30./5/874 MHz 

| LAMDAe = S27 FEET Al 305/57874 MHz 


“3)3 

6. 1,6, 0,0.0, 0.0.8., 52E-05 RAG) OSEG Sher | 

GS] CRA NGESOCAUEUFEEW LO ETER) 
GE] GROUND CHARGE AL BASE ZERO) 
P2051 .1,01,1,0.75 Pep Ty Al fol seGeipir EDA NCE 
GNI PEP eGilye CON) terl.G GROUND 
FRO,3,0,0,29.757874, | CENTER FREG. 30.7573874MHz 

PL4 IMPEDANCE and SWR 

AQ 

EN 


***%* These are 21 different raius data in wavelength for Model | **** 
(1) 1E-05 (12) 0.75E-02 
(2) 0.25E-04 (13) 1E-02 


(3) 0.50E-04 (14) 0.25E-01 


(4) 0.75E-04 (15) 0.50E-01 
(5) 1E-04 (16) 0.75E-01 
(6) 0.25E-03 (17) 1E-01 

(7) 0.50E-03 (18) 0.25E-00 
(8) 0.75E-03 (19) 0.50E-00 
(9) 1E-03 (20) 0.75E-00 
(10) 0.25E-02 (21) 1E-00 


(11) 0.50E-02 


b. Model 2-1 Geometry Data Set (1, 1 segment) 
CM NEC(NO EK) SIMULATION FOR EXPERIMENT 
CE 
GW1.1..0,0,.0, 0,0,4., 0208" TAGIISEG 4FEEl hi O20s REE 
GW2,1, 0,0.4, 0,0.8.,.0104 TAG2 ISEG 4SFEET R=.0104FEET 


GS! CHANGE SCALE(FEET TO METER) 
GE! GROUND(CHARGE AT BASE ZERO) 
EX0.1,1,01,1.0,75 FEED. 1V AT 1ST SEGMENT 

Gl PERFECTLY CONDUCTING GROUND 
FRO,21,0.0,27,.2 FREG. SWEEP. 27-31MHz 

PL4 IMPEDENCE AND SWR 

AQ 

EN 


c. Model 2-2 Geometry Data Set (3, 3 segment) 
CM NEC(NO ER) SIMULATION FOR EXPERIMENT 
CE 
GW 11,3, 0,0,0, 0,0,4.,.0416 TAG] 3SEG 4FEET R=.0416FEET 
GW 2,3, 0,0,4, 0,0,8., 0208 TAG2 3SEG 4FEET R=.0208FEET 
GS1 CHANGE SCALE(FEETD fOr ibe R 
GE] GROUND(CHARGE AT BASE ZERO) 
EAGH A OLS FEED. 1V AT ISESEG view | 
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Gy PERPEGIIY CONDE CTING GROUND 


PR; 21,0,0,27,.2 FREG. SWEEP. 27-31MHz 
PL4 1MPEDENCE AND SWR 
AQ 

EN 


d. Model 2-1-E Geometry Data Set (10 segment) 
CM NEC SIMULATION FOR EXPERIMENT (MODEL 2-1-E) 
CM AVERAGE RADIUS OF .0208 FEET AND .0104 FEET = 0.0156 FEET 
CE 
GW1,10, 0,0,4, 0,0,8., .0156 TAG] 1OSEG 8FEET R=.01IS6FEET 


GSI CHANGE SCALE(FEET TO METER =0.3048) 
GE1 GROUND(CHARGE AT BASE ZERO) | 
On 1,01,1,0,75 FEED. 1V AT IST SEGMENT 

GNI PERFECTLY CONDUCTING GROUND 
FRO.21,0,0,27,.2 FREG. SWEEP. 27-31MHz BY 0.2MHz INCREMENTS 
PL4 IMPEDANCE AND SWR 

AQ 

EN 


e. Nlodel 2-2-E Geometry Data Set (18 segment) 
CM NEC SIMULATION FOR EXPERIMENT (MODEL 2-2-E) 
CM (AVERAGE RADIUS OF (04IGFEERAND .0208 FEET = 0.0312 FEET) 
CE 
Car alelisnd.0,0, 0,0,8., 03127 TAG] 18SEG 8FEET R=.031Z2FEET 


GS] CHANGE SCALE(FEET TO METER =0.3048) 
Ged GROUND(CHARGE AT BASE ZERO) 

E01 1 ,01,1,0,75 PEED MY Aloisi SEG MEIN | 

GN] Pekee Cli eee NOW ClING GROUND 

Ree 0052 15,2 PREG SWEPPwy-olevidz By 2 vilZ INCREMENTS 
PL4 PiIPEDANGE AND SWR 
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AQ 
EN 


f. Model 3-1 Geometry Data Set (7, 7, 7 segment) 

CM NEC SIMULATION FOR TELESCOPING ANT. EXPERIMENT (MODigE 
3-1) 

CM IMPEDANCE VS FREQUENCY CHANGE WHEN SEGMENTS ARE 7,7,7 
(2iAnG,): 

CM FREQUENCY CHANGE FROM 27MHz TO 31 MHz 

CE 

GW 1,7, 0,0,0, 0,0,2.666667, 2.083333E-2 TAG IE SEG 

GW 2,7, 0,0,2.666607, 0,0,5.535335 olis62 5-7 NG SEG 

GW 5,7, 0,0;3.335355, 019.5. 1) diliee7ie=2 TAGs 7SEG 


GS] CHANGE SCALE(REET TOE tieks 
GE! GROUND(CHARGE AT BASE ZERO) 
BAG Dol logic FEED. 1V Ad@lsT SEGRAENUES 

GaN PENBEC T Exe COND BG@ii NG GROUND 
Fac 10 02 PREO SWEEP. 27-3 1Nitz 

PL4 [IMPEDANCE AND si 

NQ 

Ea 


g. Model 3-2 Geometry Data Set (9, 9, 9 segment) 

CM NEC SIMULATION FOR TEEESGORING ANP Ee Eni ME wl 

CM IMPEDANCE VS FREQUENCY CHANGE WHENSSEGMENT Se 
(3TAG) 

CM FREQUENCY CHANGE PROM@2I Miz te 3 MiZ 

GE 

GW 1,9, 0,0;0) 0,0, 2.666007 S35 556 5le-2 TAGI 9SEG 

GW 2,9, 0,0.2.666667, 0,0/5.3333357(8 125-2 = Gee SEG 

GW 3,9, 0,0,5.333333, 0,0,8., 7.291667E-2 TAGS SSEG 
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GS] 

GEl 
EX0,1,1,01,1,0,75 
GNI 

FO) 21,0,0,27,-2 
PL4 

XQ 

oN 


CHANGE SCALE(FEET TO METER) 
GROUND(CHARGE AT BASE ZERO) 
FEED. 1V AT 1ST SEG IMPEDANCE 
PEREEen aGONDUGIING GROUND 
FREQ. SWEEP. 27-31MHz 
IMPEDANCE and SWR 


h. Model 3-1-E Geometry Data Set (33 segment) 
Ovi NEC SIMIC LATION FOR TELESCOPING ANT. EXPERIMENT (MODEL 


B=1-E) 


OrirlvipEeDANCE VS “PREO@LCLENCY GCHANGE WHEN SEGMENTS ARE 


eit) (1 TAG). 


SbrOeR AW RADILS OF M3SE? =(li2+ 388+ 1,4)/3 =318 INCH =1.5625E- 


REET 


rie KEOVCENCY CHANGE PROM 27N1Hz TO 31 Milz 


Ge 


Serer O0.s., 1.5625E-2— TAG 3s5SEG 


GSI 

GEl 

EK 

11-01, 1,0,75 
GNI 
FRO,21,0,0,27,.2 
PL4 

XQ 

EN 


Cre evoe se voecree | LOMTETER) 
GROUND(CHARGE AT BASE ZERO) 
EK CARD 
PEE aly Alls | SEGNEN I 
PEREe CIE, CONDE CITING GROUND 
PiNe@, Sy PEP. 27-30 Miz 
IMPEDANCE AND SWR 


127 


try 


1. NMlodel 3-2-E Geometry Data Set (39 segment) 
CM NEC SIMULATION FOR TELESCOPING AN Er ues 
CM IMPEDANCE VS FREQUENC@Y CHANGE WHEN SEGME Vesa. 
Clie Gy) 
CM EQUAL RADIUS OF M3S? =(1+ 15/16+7/8)/3 = 15/16 INCH =7.8125E-2 
PEET 
CM FREQUENCY CHANGE FROM 27MHz TO 31 MHz 


Cr 

GWI1,39, 0,0,0, 0,0,8., 7.8125E-2 TAGI1 39SEG 

Gi CHANGE SCALE(FEET TO METER) 
Gel GROUND(CHARGE AT BASE ZERO) 
Ex), Lolo a> FEED. 1V AT IST SEGUSIPEDANGE 
GNA PERPECTL eGNw rei C. GROUND 
PRO 2 LOO PREQVS ber 27 soleil 

PL4 IMPEDANCE AND SWR 

KQ 

EX 


J. Model 4-1 Geometry Data Set (45 segment) 
CM NEC SIMULATION FOR TELESCOPING ANT. EXRE ie ea 
CM IMPEDANCE VS FREQUENGY CHANGE WHEN SEG 
9959 9 Oo AG) 
CM FREQUENCY CHANGE FROM 7 Ailaz TOs ie iniz 
Ce 
GW 1,9; 0:0;07 0/0. 16,0103 125 TAG] SSEG 
GW2,9, 0,0,1.6, 0,0,3.2, 2.60417E-2 TAG2 9SEG 
GW 3,9, 0,0,3:2, 0;0,4.8, 20S33E-2 eles ose G 
GW4,9, 0,0,4.8, 0,0,6.4, 1.5625E-2 TAG4 9SEG 
GW5,9, 0,0,6.4, 0,0,8., 1.0416667E-2 TAGS 9SEG 


GS] CHANGE SCALE(FEEW@vil nek) 
GEI GROUND(CHARGE AT BASE ZERO) 
EAOS, LOlRONS FEED. 1V AT IS SEGUE Or 


GN] Pek eerie CONDMCIING GROUND 


iO 21 0,0,27,.2 fails Oe Sy ile einen (Ol Vit Z 
PL4 IMPEDANCE AND SWR 
XQ 

EN 


k. Model 4-2 Geometry Data Set (50 segment) 
Se NEGSIMLLATION FOR TELESCOPING ANT. EXPERIMENT 
Ol, IMIREDANGE VS FREQUENCY CHANGE WHEN SEGMENT 
10,10,10,10, 10(STAG) 
ee. PRE@UENCyY CHANGE FROM 27MHz TO 31 MHz 
Gis 
yw, 1 10, 0,0,0, 0,0,1.6, 8.33333E-2 TAGI 10SEG 
ay 2,10, 0,0,1-6, 0,0,3.2, 7.8125E-2 TAG2 1IOSEG 
a 5,10, 0,0,3.2, 00.4.8, 7.2917E-2 "= TAGS I0SEG 
GW4,10, 0,0,4.8, 0,0,6.4, 6.7708E-2. TAG4 10SEG 
GW5,10, 0,0,6.4, 0,0,8., 6.25E-2 TAGS A0SEG 


GS] Chay NGe SCALE Pirkei TOMETER) 
Ciel GROUND(CHARGE AT BASE ZERO) 
m0 1,01,1,0,75 Peery exits SEG EVIPEDANCE 
Nil PERP cei CO. DUCTING GROUND 
Hen) 2 1.05032 7,.2 ieeOmony ERP. 27-3) riz 

PL4 IMPEDANCE AND SWR 

XQ 

Bas 


I. Model 4-1-E Geometry Data Set (51 segment) 
iene eolvil LATION FOR TELESCOPING ANT. EXPERIMENT (MODEL 
4-1-E) 
Oe MPED ANGE VS FRECURNGY CHANGE WHEN SEGMENTS ARE 
17 ee {1 TAG). 


Ley. 


CM EQUAL RADIUS OF M3S?=(1/2+3/8+1/4)/3=3/8 INCH =1.5625E-2 
FEET 
CM FREQUENCY CHANGE FROM 27MHz TO 31 MHz 


CE 
GWI,51, 0,0,0, 0,0,8., 1.5625E-2 TAGI 5ISEG 

GSI CHANGE SCALE(FEET TO METER) 
GEl GROUND(CHARGE AT BASE ZERO) 
EK EK CARD 

EX0,1,1,01,1,0,75 FEED. 1V AT 1ST SEGMENT 

GNI PERFECTLY CONDUCTING GROUND 
FRO,21,0,0,27,.2 FREQ. SWEEP. 27-31MHz 

PL4 IMPEDANCE AND SWR 

AQ 

EN 


m. Nlodel 4-2-E Geometry Data Set (60 segment) 
CM NEC SIMULATION FOR TELESCOPING ANT. EXPERIMENT 
CM IMPEDANCE VS FREQLENCY CHANGE WHEN SEG MIEN I GiGiie ep 
CM EQUAL RADIUS ={15- 15967 Solos 4) — 7 cee 
CM U8 INCH = 7.2916667E-02°- Ebi — 277 ok 0 VETER 
CM FREQUENCY CHANGE EFRON Miz. lOc yiriz 


CE 
GW1,60, 0,0,0.0, 0,0,8.0, 7.2917E-2 TAG1 60SEG 

GSI CHANGE SCALE(FEET TO METER) 
GE GROUND(CHARGE AT BASE ZERO) 
EX0,1,1,01,1,0,75 FEED. 1V AT IST SEG IMPEDANCE 
GNI PERFECTLY CONDUCTING GROUND 
FRO,21,0,0,27,.2 FREQ. SWEEP. 27-31MHz 

PL4 IMPEDANCE AND SWR 

AQ 

EN 
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See NECGS 


Following are the sample geometry data sets for each model of NECGS. 
a. NMlodel I Geometry Data Set ( constant radius modeling with no end cap) 
Gi NEC SIMULATION FOR EXPERIMENT GNECGS : 6 WIRE) 
CM IMPEDANCE VS RADIUS CHANGE WHEN SEGMENT 6 
CM RADIUS CHANGE FROM E-05 LAMDA TO 1 LAMDA 
CM CENTER FREQUENCY 30.757874 MHz 
CM LAMDA = 32 FEET ATI 30.757874 MHz 


CE 

GRO,6 | 

GW1,6, 32E-5,0,0, 32E-5,0,8., 5.333333334E-05 | TAGI 6SEG 8FEET 
GSI CHANGE SCALE(FEET TO METER) 
GE} GROUND(CHARGE AT BASE ZERO) 
EX0,1,1,01,1,0,75 FEED. 1V AT 1ST SEG IMPEDANCE 
GNI PERFECTLY CONDUCTING GROUND 
FRO,3,0,0,29.757874, | CENTER FREG. 30.757874MHz 

PL4 IMPEDANCE AND SWR 

AQ 

EN 


b. Nfodel 2-1 Geometry Data Set (equal radius modeling with no end cap) 

Perel ULATION FOR TELESCOPING ANT. EXPERIMENT (NECGS 
; 6 WIRE) 

rite eA NeE VS PReEOULNCY CHANGE WHEN SEGMENTS ARE 35 

Serer KEQUENCY CHANGE FROM 27MHz TO 31 MHz 

CE 

GRO,6 

GW1,17, 2.0833333E-2,0,4, 2.0833333E-2,0,0, 0. 

GCO0,0,1.3287,3.472222E-3,3.472222E-3 

GW2.1, 2.0833333E-2.0,4.. 1.0416667E-2,0,4., 2.604167E-3 

GW3,17, 1.0416667E-2,0,4, 1.0416667E-2,0,8, 0. 


ee 


GCO00,1. 3287 fel tess onal 


GS1 CHANGE SCALE( PEED LO Stewie 
GEl GROUND(CHARGE AT BASE ZERO) 
BAO Ol Os FEED. 1Y AL JST SEG | MRED eG 
GN1 PERFECTLY CONDUCTING GROUND 
PROTO FREQ) SWEEP. 27 se az 

PL4 IMPEDANCE AND SWR 

XQ 

EN 


c. Model 2-2 Geometry Data Set (different radii modeling with an end cap) 

CM NEC SIMULATION FOR TELESCOPING ANT. EXPERIMENT (NEG 
MEINE) 

CM IMPEDANCE VS FREQUENCY CHANGE WHEN SEGME™N Is Aha; 

CM FREQUENCY CHANGE BROW 27 Miliz dl @. ly iiiz 

Gr 

GRO.6 

GW1,17, 4.1666667E-2.0,4, 4.1666667E-2,0,0, 0. 

GC0.0.1.3287,6.944444E-3,6.944444E-3 

GW2,1, 4.1666667E-2,0,4., 2.0833333E-2,0,4., 5.208333E-3 

GAV 3.17, 2-0833333E-2,04,)2.0833355-.055..0 

GC0.0,1.3287,3.472222E-3/3.47 22a. 3 

GW4.1, 2:08333353E-2,0,8, 0.0.3, 354722723 


GS! CHANGE SCALE(FEE P@evieETeR 
GEl GROUND(CHARGE AT BASE ZERO) 
EXOT U1 One FEED. 1V AT IST SEG IMPEDANCE 
GM PERFECTLY CONDUCTING GROEND 
PRO FREQ: SWEEP. 27-32 

PL4 IMPEDANCE ANWR Ix 

XQ 

EN 


d. Mfodel 2-1-E Geometry Data Set (equal radius modeling with no end cap) 
ieee SIMULATION FOR EXPERIMENT C\ECGS : 6 WIRE) 
CM AVERAGE RADIUS OF .0208 FEET AND .0104 FEET = 0.0156 FEET 
Cr 


GRO,6 

GW1,14, 1.5625E-2,0,0, 1.5625E-2,0,8., 2.601667E-3 TAGI ISEG 8FEET 

GSI CHANGE SCALE(FEET TO METER =0.3048) 

GE] GORUND(CHARGE AT BASE ZERO) 

esol 1,01,1,0,75 FEED VY AleisigseG IMPEDENCE 

GNI1 PERFECTLY CONDUCTING GROUND 

fr, 210 ,0,27,.2 PREG ow eer. 27 3) viliz Dy 0.2 Viz wCREMENT 
PL4 IMPEDANCE AND SWR 

XQ 

EN 


e. Nfodel 2-2-E Geometry Data Set (equal radius modeling with an end cap) 
NEC SIMIUPATIONSEOR EXPERIMENT CNECGS : 6 WIRE) 
wes VEKAGE KADILSOF 0208 FEET AND OWS FEET = 0.0156 FEET 
Ge 


GRO,6 

alee 2 5-2.0.0, 35. 1258-2 055 5--05E-3 NAGI ISEG 8FEET 

GS] CUANGESGAIE TEE! TOeMETER =0.3048) 

GEl GCOK@.D CHARGE AL BASE ZERO) 

E30, 1,1,01,1,0,75 Pee lero oeG LYViPEDENCE 

GN1 Bekiee oliwCcO NDE CIING GROUND 

fice. 21,0,0,27,.2 PReGesy Err) /-oivitiz BY 0.2Vilnz i NCKREMENT 
PL4 IMPEDANCE AND SWR 

XQ 

EN 


133 


J. Model 3-1 Geometry Data Set (different radii modeling with no end cap) 

CM NEC SIMULATION FOR TELESCOPING ANT: EXPERIMEN] (NE GG 
6 WIRE) 

CM IMPEDANCE VS FREQUENCY CHANG EN Glen) 

CM FREQUENCY CHANGE FRO Vi Wie evi 

Ce 

GRO,6 

GW1,13, 2.0833333E-2,0,2.66666667, 2.0833333E-2,0,0, 0 

GCO0,0,1.5050,3.472222E-3,3.472222E-3 

GW2,1, 2.0833333E-2,0,2.66666667, 1.5625E-2,0,2.66666667, 3.038194E-3 

GW23,10, 1.5625E-2,0,2.666667, 1.5625E-2,0,4, 0 

GC0,0.1.5050,2.604167E-3,2.604167E-3 

GW4,10, 1.5625E-2,0/5;333333354) 625E-2 4 @ 

GC0,0,1.5050,2.604167E-3,2.604167E-3 

GW 5,1, 1.5625E-2,0,5.333333334, 1.041667 E-2.0)5,355335534) 2.70 3ole=s 

GW6,13, 1.041667E-2,0,5.33333334, 1.041667E-2,0,8, 0 

GCO,0,1.5050.1.7361 11E-3.1.7361 11E-3 | 


GS] CHANGE SCARE (PEER TONER 
GE] GROUNDICHARGE AR BASE in0) 
ENOMEIS Ol OS PEED: ITV AT IST SEG IXIVED ANGE 
GN1 PERFEC I Exy CONDE GIING Gace. 
PRO. OO ie PREQ?) SWEEP ase riz 

PL4 IVIPEDANCE AND, ik 

XQ 

Ey 


g. Model 3-2 Geometry Data Set (different radii modeling with an end cap) 
CM NEC SIMULATION FOR TELESCOPING ANT. EXPERIMEN eee. 
:6 WIRE) 
CM IMPEDANCE VS FREQUENCY CHANGE WHEN sEGuI2 
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CM FREQUENCY CHANGE FROM 27MHz TO 31 MHz 

Cle 

GRO,6 

Cry lols, Oo oem oo 2 Oe O0006667 5.505 5553E=2,0,0, 0 
GC0,0,1.5050,1.3888889E-2,1.3888889E-2 
GW2,1,8.3333333E-2,0,2.66666667,7.8125E-2,0,2.66666667,1.3454861E-2 
GW3,10, 7.8125E-2,0,2.666667, 7.8125E-2,0,4, 0 
GC0,0,1.5050,1.3020833E-2,1.3020833E-2 

GW4,10, 7.8125E-2,0,5.333333334, 7.8125E-2,0,4, 0 
GCO0,0,1.5050,1.3020833E-2,1.3020833E-2 

SW 5-1, 7,51256-2,0,5.53355534,7.291667E-2,0,5.33333334,1.2586805E-2 
GW6,13, 7.2916667E-2,0,5.33333334, 7.2916667E-2,0,8, 0 

G0 ,0,1.5050,1-2992777E-2,1.2152777E-2 

ey ly 7.27 COG 70,5, 00s 15277 /E-2 


GS] CHANGE S@ALE(PEE! T@eMETER) 
GEl GROUP CHARGE Al BASE ZERO) 
0, 1,13,01,1,0,75 Pe Dasiven DAS) SEG IMPEDANCE 
GN! pew eee CONDUCTING GROUND 
ee215050,27,.2 PbO gon, PEP] siMiiz 

PL4 IyiPeDARSCE AND SWR 

XQ 

ize 


h. Model 3-1-E Geometry Data Set (equal radius modeling with no end cap) 

ey iiNie sl WoOLANION FOR TELESCOPING ANT. EXPERIMENT (NECGS 
; 6 WIRE) 

yi vrE DANCE VSerPREQUENCY CHANGE WHEN SEGMENT 5,5,5 
(1TAG) 

CM EQUAL RADIUS OF M3S?=(1/2+3/8+ 1/4)/3= 3/8 INCH = 1.5625E-2 
BEET 

Grime EOUENCY CHANGE FROM 27MHz TO 31 MHz 

GE 


GR0O,6 
GWI,15, 1.5625E-2,0,0.1,5625E-2,0,8:, 2.GOU16G/ E35) Gila sig 


GS] CHANGE SGALE(FEET TO METER) 
GE] GROUND( CHARGE AT BASE ZER@) 
EO Reo lalnOey FEED. IV A tals SEG IRE DANGE 
GNI] PERFECTLY CONDVUGII\G GROEND 
PRODI U 2 2 FREQ. SWEEP 22 /-Svildz 

PL4 IMPEDANCE AND SWR 

AQ 

EDS 


1. NMfodel 3-2-E Geometry Data Set (different radii modeling with an end cap) 

CM NEC SIMULATION FOR TELESCOPING ANT. EXPERI VENT (Nba 
>: 6 WIRE) 

CM IMPEDANCE VS FREQUENCY’ CHANGE WHEN SEGMENTS 
(1TAG) 

CM EQUAL RADIUS OF M3S? =(1/2+3/8+1/4)/3=3,8 INCH =1.5625E-2 
PEEL 

CM FREQUENCY CHANGE PRO Mil) yi @ se leeyilelz 


CE 

GRO,6 

GW1,3, 7.8124998E-2.0,0, 7.8124998E-2,0,8., 1.3020833E-3 

GS! CHANGE SCALE(FEET TO METER) 
GE1 GROUND(CHARGE AT BASE ZERO) 
EX0,1,1,01,1,0,75 FEED. 1V AT 1ST SEG IMPEDANCE 
GNI PERFECTLY CONDUCTING GROUND 
FRO,21,0,0,27,.2 FREQ. SWEEP. 27-31 MHz 

PL4 IMPEDANCE AND SWR 

AQ 

EN 
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J. Model 4-1 Geometry Data Set (equal radius modeling with no end cap) 

we meNeeGoe ol ViCLATION FOR TERESCOPING ANT. EXPERIMENT 
(MODEL 4-1) 

CM IMPEDANCE VS FREQUENCY CHANGE 

CM FREQUENCY CHANGE FROM 27MHz TO 31 MHz 

CE 

GRO,6 6 WIRE 

GW1,9, 3.1253E-2,0,1.6, 3.1253E-2,0,0, 0 

G00, 1.7675,3.472222E-3,3.472222E-3 

ry) 2,1, 3-1256-2,0,1.6, 2-604 1667E-2,0)1.6, 3.472222E-3 

GW3,8, 2.6041667E-2,0,1.6, 2.6041667E-2,0,2.4, 0 

0.0.1 7574,3.4/2222E-3,3.472222E-3 

GW4,8, 2.6041667E-2,0,3.2, 2.6041667E-2,0,2.4, 0 

6050, 1.7574,3.472222E-3,3.472222E-3 

75,1, 2.6041667E-2,0,3.2, 2.083333E-2,0,3.2, 3.4722222E-3 

6,8, 2-083333E-2,0,3.2, 2.083333E-2,0,4; 0 

0501.75 74,3.472222E-3,3.472222E-3 

G W7,8, 2.083333E-2,0.4.8, 2.083333E-2,0,4, 0 

@@0.0. 1). /57/4,5.4 722228 -359.472222E-3 

G W8,1, 2.083333E-2,0,4.8, 1.5625E-2,0,4.8, 3.472222E-3 

ay) 9.5.81. 5625E-2,0'4.8, 1.5625E-2,0)5.6, 0 

7 0.0.1.7574,3.4722222E-3,3.49722222E-3 

GW 10:8, 1.5625E-2,0,6.4, 1.5625E-2,0,5.6, 0 

O00 16 7574,3.4722222E-3,3.4/22222E-3 

GW11,1, 1.5625E-2,0,6.4, 1.0416667E-2,0,6.4, 3.4722222E-3 

GW 12,9, 1.0416667E-2,0,6.4, 1.0416667E-2,0,8, 0 

me0-021,76/9,3.472222E-3,3.472222E-3 


GS] CAA NGE seseetreeiaho re ven) 
GE] GROUND(CHARGE AT BASE ZERO) 
EesOn 2 01 10375 FEED. 1V AT 1ST SEGMENT 

GNI1 PERFECTLY CONDUCTING GROUND 
Pen) OROR2 7.2 Mine Or ow Peres oui hizZ 

PL4 IMPEDANCE AND SWR 


ese 


AQ 
EN 


k. Model 4-2 Geometry Data Set (different radii modeling with an end cap) 

CM NECGS SIMULATION FOR TELESCOPING VANT) EXPERI 
(MODEL 4-2) 

CM IMPEDANCE VS FREQUENCY CHANGE 

CM FREQUENCY CHANGE FROM 2/Ninz Oe iia 

CE 

GRO,6 6 WIRE 

GW1.9,,8.3333333E-2,0, L6yS38es3seb-2 ue 

GCO0,0,1.7675,1.3888888E-2,1.3888888E-2 

GW 2,1, 8.3353335E-2,0,1.6, 7.8125E-2,0,1.6, 1.3454861E-2 

GW 3,8, 7.S125E-2,0)1.67 75 125E-2, 0-2 430 

GCO,0,1.7574,1.3020833E-2,1.3020833E-2 

GIW4.5, 7. 8125E-2,0)3.2--7 S125 b=2 0 20 

GCO0,0,1.7574,1.3020833E-2,1S02@sesE-2 

GW5,1, 7.8125E-2,0,3.2, 7.291666/7E-2,0,3.2, 1.2586805E-2 

GW6,8, 7.2916667E-2.0,3.2, 7.29 16667E-2,0,4, 0 

GC0.0, 1/574, b 227 7c bl eee 

GW7.8, 7.2916667E-2,0,4.8, 7.2916667E-2,0,4, 0 

GCO0,01. 7574.1. 21s277S E202 ee ie 

GWS8.1, 7.2916667E-2.0,4.8, 6.7708333E-2,0,4.8, 1.171875E-2 

GW9,8, 6.7708333E-2,0,4.8, 6.770833E-2,0,5.6, 0 

GC0,0,1.7574,1.1284722E-2,1.1284722E-2 

GW10,8, 6.7708333E-2,0,6.4, 6.770833E-2,0,5.6, 0 

GCO,0,1.7574,1.1284722E-2,1.1284722E-2 

GW11,1, 6.7708333E-2,0,6.4, 6.25E-2,0,6.4, 1.0850694E-2 

GW 12,9, 6.25E-2,0,6.4, 6.25E-2,0,8, 0 

GCO0,0,1.7675,1.0416667E-2,1.0416667E-2 

GW13,1, 6.25E-2.0,8, 0,0,8, 1.0416667E-2 A CAP 

GSI CHANGE SCALE(FEET TO@fETER) 
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Gael GROUND(CHARGE AT BASE ZERO) 


eee 01,1 0,75 Rice Dey Avis esSeGAlE NT 

Gel Pen elle COND VOTING GROUND 
fa. 21-0,0,27,.2 PREOSSi ern a2 /-o livid 

PL4 IMPEDANCE AND SWR 

AQ 

EN 


l, Model 4-1-E Geometry Data Set (equal radius modeling with no end cap) 
ee eee GS sl VLC PATIONs OR DELESCOPING ANT. EXPERIMENT 
(MODEL 4-1-E) 
Sri lee DANCE VS PREGUENCY CHANGE WHEN SEGMENT 70(1TAG) 
Se PeOuAL RADIUS OF (3'875/16+ 1.47 3,16+178) = 1’4 INCETI 
CM 1/4 INCH = 2.08333333E-02 FEET = 6.3499999E-03 METER 
ey PREOLENCY CHANGE FROM 27MHz TO 3] MHz 


ele 

GRO,6 6 WIRE 

iy 1,70, 2.0833333E-2.0,0.0, 2.0833333E-2,0,8., 3.472222E-3 

GS] CrrovGEDeCAlee(PEET TO METER) 
Gael GROOT NP Gre ikGe Alp ASE ZERO) 
tere 1051.0. 75 Pee Dei At ist SeGMENT 

Nl Pee ee mecON DUCT NG GROUND 
Pa 210.05 27,.2 FREQ. SWEEP. 27-31MHz 

PL4 IMPEDANCE AND SWR 

AQ 

EN 


m. Model 4-2-E Geometry Data Set (different radii modeling with no end cap) 
Gree VU LATION FOR TELESCOPING ANT. EXPERIMENT (NECGS : 
6 WIRE) 
eee DANCE VS FREQUENCY CHANGE WHEN SEGMENT IS 1(1TAG). 
ee wen. OlUS — (1+ 15/164 7/8+ 13/16+3/4)'5 = 7/8 INCH 


CM 7.8 INCH = 7.2916667E-02 FEET = 2.22255 -07 virile 
CM FREQUENCY CHANGE GROW 2k Ore 
Clr 


GR0.6 

GW1,]1, 7.2916667E-2,0,0., 7.2916667E-2,0,8., 1.2152777E-2 

Gs CHANGE SCALE(FEET TO METER) 
GE! GROUND(CHARGE AT BASE ZERO) 
EX0,1,1,01,1,0,75 FEED. 1V AT 1ST SEGMENT 

Gul PERFECTLY CONDUCTING GROUND 
FRO,21,0,0,27,.2 FREQ. SWEEP. 27-31MHz 

PL4 IMPEDANCE AND SWR 

AQ 

EN 
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APPENDIX D. INPUT IMPEDANCE CALCULATION AND RVAL 
PROGRAM 


1. Input Impedance Calculation Program 
C THIS PROGRAM CALCULATES THE REAL AND THE IMAGINARY VALUE OF 
© THE INPUT IMPEDANCE FROM MEASURING DATA, REFLECTION COEFFICIENT 
C ReG@je— VEASCRED REFLECTION COEFFCIENT 


C KLM() = MEASURED MAGNITUDE OF REFLECTION COEFFCIENT 
C  KLP() = MEASURED PHASE OF REFLECTION COEFFCIENT 
C KLR() = MEASURED REAL VALUE OF REFLECTION COEFFCIENT 
C  KLI() = MEASURED IMAGINARY VALUE OF REFLECTION COEFFCIENT 
C ZIN() = CALCULATED INPUT IMPEDANCE ( COMPLEX ) 
C  ZR() = CALCULATED INPUT IMPEDANCE (REAL ) 
C 2ZI() = CALCULATED INPUT IMPEDANCE (IMAGINARY ) 
C KC() = MEASURED CORRECTION REFLECTION COEFFICIENT 
C KCM() = MEASURED MAGNITUDE CORRECTION REFLECTION COLFFICIENT 
C KCP() = MEASURED PHASE CORRECTION REFLECTION COEFFICIENT 
C  KF() = CALCULATED FINAL REFLECTION COEFFICIENT 
C KFM() = CALCULATED FINAL \IAGNITUDE OF REFLECTION COEFFICIENT 
C  KFP() = CALCULATED FINAL PHASE OF REFLECTION COEFFICIENT 
C  KFR() = CALCULATED FINAL REAL VALUE OF REFLECTION COEFFICIENT 
C  KFI()= CALCULATED FINAL IMAGINARY VALUE OF REFLECTION COEFFICIENt 
C F1() = F2() = FREQUENCY 
COMPLEX KL(100),ZIN(100),K C(100),K F(100) 
REAL KL\(100),KLP(100),ZR(100),Z1(190),K CNI(00),K CP(100) 
REAL KLR(100),KLI(100),F1(100),F2(100),K CR(100),KCI(100) 
REAL KFM(100),KFP(100),KFR(100),KFI(100) 
INTEGER L1(100).L2(100) 
C OPEN (UNIT = 10, FILE = ‘IMP SHORT’ ,STATUS = ‘OLD’ ) 
C OPEN(UNIT = 11, FILE = ‘IMP EXI’, STATUS = ‘OLD’ ) 
C OPEN (UNIT = 15, FILE = ‘IMPEXIRI DATA’ 
C OPEN (UNIT = 16, FILE = ‘IMPEXIMP DATA’ 
OPEN (UNIT = 10, FILE = ‘IMP CAP] SHORTI’ , STATUS = ‘OLD’ ) 
OPEN (UNIT = 11, FILE = ‘IMP CAP] NOEXI’, STATUS = ‘OLD’ ) 
OPEN (UNIT = 15, FILE = ‘IMP CIRI DATA’ 
OPEN (UNIT = 16, FILE = ‘IMP CIMP DATA’ 
N = 23 
DO 101 = 1,N 


READ (10,*) L1(1),F1(1),K CM(),KCP() 
READ (11,*) L2(1),F1(),KLM(),KLP(1) 
10 CONTINUE 
PI = 4.*ATAN(..O) 


14] 


DTR = PI 180. 
DO 2010-4 


C KLRUJ) = KLM(J)*COS(DTR* KLP(J)) 
C KLIV) = KLM(W)*SIN(DTR*KLP()) 
€ KLU) = CMPLX(KLR(J),KLIGQ)) 

C KCRUJ) = KCM(U)*COS(DTR*KCP(J)) 
G KCI) = KCM(U)*SIN(DTR*KCP()) 
G KC) = CMPLX(KCR(J),.KCIV)) 

C KF(F) = KL) KC(J) 

C ZIN(J) = 50.*(1.+ KF(J)) (1.-KF(J)) 

ec ZRU) = REAL(ZIN(J)) 

G Z1J) =AIMAG(ZIN(J)) 

C WRITE (16,100) F1(J),ZR().Z1(J) 

C 

SO. KFM(J) = KLM() K CM() 


KFP(J) = KLP(J)-(-180.+ K CP()) 
KFR(J) = KF\M(U)* COS(DTR*KFP()) 
KFIJ) = KFM(J)*SIN(DTR*KFP()) 
KF) = CMPLX(KFR(J).KFIG)) 
ZING) = 80.*(1.+ KF(J)) (1.-KF(J)) 
ZR) =REAL(ZIN()) 
Z1(J) = AINIAG(ZIN(J)) 
20 CONTINUE 
WRITE (15,105) 
WRITE (16.115) 
WRITE (15.110) 
WRITE (16.120) 
DO 30K = IN 
WRITE (15,100) L1(K),FI(K).ZR(K),Z1(K) 
WRITE (16,100) L2(K).F1(K),KFM(K),KFP(K) 
30 CONTINLE 
100 FORMAT(3N.14,3(SX(E16.7))) 
105 FORMAT (20X,, INPLT IMPEDANCE) 
115 FORMAT (15X,’ CALCULATED FINAL REFLECTION COEFFICIENT ’) 
110 FORMAT (3X,’NO. OF TEST’,.6X,’FREQ.’,16X,’REAL’,13X, INIAGINARY’ 
120 FORMAT (3X,’NO. OF TEST’,6X,’FREQ.’,14X,MAGNITUDE’,14X.’PHASE’) 
STOP 
END 


2. RVAL Program 


*se* THIS PROGRAM COMES FROM NEC LIBRARY AT NPS. **** 
C PROGRAM RVAL - CALCS TAPERED SEGMENT PARMS FOR GC CARD 
c 
Cc USE 1T FOR SMALE TO BIG STEPPING, OEY 
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REAL*4 51 
REAL*4 SN 


REAL*4 L 
Cc 
C GET INPUTS 
C 


CALL FRTCMS(‘FILEDEF ’, ‘FTO5F001’, TERMINAL’) 
CALL FRTCMS(‘FILEDEF ’, ’FT06F001’, TERMINAL’) 
1005 CONTINUE 
WRITE(6,(1X,A)) ‘PLEASE ENTER FIRST SEGMENT LENGTH’, 
LAST SEGMENT LENGTH’. 
TOTAL LENGTH 
READ(S,*,END = 1005) $1, SN, L 
SNOVSI = SN SI 


c CALCULATE THE ANALYTIC SOLUTION 


v2) 
Hi 


l (1.-(SN-S1) L)) 
LOG(SNOVS1) LOG(R) + 1. 


7. 
I 


C PRINT SOLUTION 


Wythe (6, (Ex AIs)9 iN = SN 
WRITE(6.0 1X,A,F10.4)’) (R = 7, R 


Sl =L*(1.-R) (1.-(R ** N)) 
Pyne, (. S( 13, ) = ', F10.8))1,S1 
SSUNI = Sl 


DO 10101 = 2,N 


S=S1*(R**(I-1)) 
SSUM = SSUM + S 
WRITE(6,(” S(’,13,”) = “, 2F10.4)’) 1, S, SSUM 
e 
1010 CONTINUE 
WRITE(6,'( 1X,A,F10.4)’) WIRE LENGTH = ’, SSUM 
STOP 
END 
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